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HIGHLIGHTS
e Rate capacities of immune cell responses were computed using ordinary differential equations.
o Macrophages were predominant in the synergistic immune response to smoking and leptospirosis.
e Leptospira infection in human immune cells is dose-dependent.

e Leptospira infection is more rapid in smoking-impaired than the normal cells.

Abstract: Continuous heavy rains along with poor road construction and sewage system had resulted in the
frequent occurrence of floods in many areas of the Philippines. As a consequence, leptospirosis remains an
infectious disease endemic in the Philippines with numerous cases reported as aftermaths of typhoons especially
after heavy flooding. Leptospirosis is known for its invasiveness in penetrating mucous membranes and
abraded skin, in inducing macrophage response activity, and in activating T-cell proliferation. Chronic
exposure to tobacco smoking weakens the immune system by reducing macrophage phagocytic activity and
conferring T-cell insensitivity. In this study, a system of ordinary differential equations was developed to
describe the synergy of leptospirosis and smoking in the impairment of immune system. The rate capacities
of macrophages and T-cells in response to both smoking and leptospirosis were calculated. In the disease-
free model, population of macrophages remains larger when compared with T-cells, and this predominance
persists in the synergistic immune response to both smoking and leptospirosis. Leptospira infection in human
immune cells is dose-dependent, and is more rapid in smoking-impaired than the normal cells. Findings of the
study on these parameter estimates characterize the functions of macrophage and T-cell populations,
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although further molecular studies are warranted, which are necessary to address the inadequacy of antibiotic
therapy in advanced and severe leptospirosis cases.

Keywords: leptospirosis; macrophages; immune system; ordinary differential equations; tobacco smoking.

INTRODUCTION

An immune system becomes susceptible to different infections once persistently exposed to tobacco
smoke [1]. Due to the poisonous, toxic, carcinogenic, and mutagenic substances found in tobacco smoke [2],
chronic exposure to smoking suppresses human immune response by impairing the functions of
macrophages and T-cells, with macrophages severely affected compared with T-cells [3,4]. Higher frequency
of tobacco smoking exposure and higher smoking rates imply more reduced macrophage phagocytic function
and diminished T-cell sensitivity [5,6].

Leptospirosis is an infectious disease endemic in the Philippines with nhumerous cases reported as
aftermaths of typhoons especially after heavy flooding [7]. Infected patients would typically present with mild
fever or in severe cases have multiorgan failure affecting in particular the kidneys and lungs [8]. Human
leptospirosis is caused by highly invasive pathogenic leptospires which are capable of surviving and growing
in tissues [9], as these were isolated from the blood samples of leptospirosis patients suggesting the
pathogen’s potential in successfully evading the natural defense system of the host [10]. In severe
leptospirosis with pulmonary hemorrhages, human immune response was associated with elevated alveolar
macrophages stimulating polymorphonuclear leukocytes resulting in inflammatory mediators and reactive
intermediates production [11].

Tobacco smoke and leptospirosis directly compromise the host immune system [12]. A diminished
macrophages phagocytic function has been established even in acute tobacco smoke exposure [1,13,14],
whereas a significant diminished clearance ability and bactericidal activity were noted in chronic exposure
[14]. In spite of the ability of the bone marrow-derived macrophages in degrading leptospires, a population of
these pathogens was identified within a membrane compartment suggesting their survival and replication
ability and subsequent invasion to certain human organs [15]. Macrophages are considered important cells
of the innate immunity, once the pathogens are phagocytosed and degraded, chemokines and cytokines are
produced, and antigens are presented for the adaptive immune system regulating the host immune response
[16]. Bacterial infection and smoking impairing the functions of macrophages and T-cells imply that both
leptospirosis and tobacco smoking act synergistically on common molecular targets. Hence, the dynamics of
leptospirosis and smoking in the impairment of human immune system was captured by a system of ordinary
differential equations. Parameter estimates and findings in the present study, facilitated by further molecular
studies involving human immune responses under varied severity of leptospiremia, can eventually aid in
addressing the inadequacy of antibiotic therapy in advanced and severe leptospirosis cases and in
formulating prevention and control measures such as vaccine development.

MATERIAL AND METHODS

Biological Systems Model

The interaction between the macrophage and a pathogen has always been involved in the elucidation of
the pathogenesis of infections [17]. Leptospirosis induces apoptosis in macrophages by activating specific
proteases in a dose- and time-dependent fashion [18]. To determine the synergy of leptospirosis and smoking
in the impairment of human immune system, mathematical models based on ordinary differential equations
were established.

In the proposed model, T-cells were divided into three classes, namely the normal (T), smoking-impaired
(Ts), and leptospira-infected (T.) T-cells (Figure 1). Likewise, macrophages were divided into three classes:
normal (M), smoking-impaired (Ms), and leptospira-infected (M) macrophages. The leptospire population is
denoted by L.

In the absence of an infection, production of normal T-cells (T) has a constant rate (r) [19] and the
population T suffers mortality at a rate y, [20]. When there is an infection, these normal T-cells are attacked
by the population of leptospires (L) and by the infected macrophages (M.) at a rate a; and u, respectively.
Smoking impairs normal T-cells at a rate § [21] converting to impaired T-cells (Ts) which are then
subsequently attacked at a rate a, by leptospires (L) and suffer mortality at a rate yrs. When the normal (T)
and impaired (Ts) T-cells are infected at a rate @; and a,, respectively, the population of infected (T.) T-cells
increases, but is also reduced as T, is subjected to y;; mortality rate.
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Figure 1. Dynamics involving smoking and leptospirosis in the impairment of human immune system.

Normal macrophages (M) are constantly produced and suffer mortality at a rate k [22] and y,, [21],
respectively. In addition, these normal macrophages are impaired by smoking at a rate ¢ and are attacked
by leptospires at a rate a;. The population of impaired macrophages (Ms) is a result of the smoking
impairment of the normal macrophages at a rate € and is reduced as these suffer mortality at rate yys [21].
Amplification of the infected macrophages (M.) is due to the infection from the normal (M) and smoking-
impaired (Ms) macrophages at a rate a; and a,, respectively, but restricted by the mortality rate y,,.. The
active interactions between leptospire and macrophages resulted to the invasion of the pathogen and
subsequent macrophage apoptosis [18].

The leptospire population (L) is augmented from the infected macrophages (M.) and T-cells (T.) at a rate
uy and ur, respectively. However, the population L decreases due to the y, mortality rate. Suppose, a
leptospire is responsible for each new infection, then the population L further diminishes when the bacteria
fuse with the normal (M) and impaired (Ms) macrophages at a rate a3 and a,, respectively; and with the
normal (T) and impaired (Ts) T-cells at a rate @, and «,, respectively.

In this study, it is assumed that tobacco smoking affects all cells as toxic substances from tobacco
smoking diffuse via cell-to-cell contact. However, the present study assumed that tobacco smoking has no
effect on the leptospire population. The total T-cell population is equal to T + Tg + T;,, whereas M + Mg + M|,
is the total macrophage population. Macrophages in a tissue have a half-life of 90 days [23]. Initial
macrophage count is assumed to be 200 macrophages/pL, and all macrophages are capable of being
infected. Based on these specified assumptions, the systems model was described by Equations (1) to (7).

dT

— == LT — pM, T — 8TT — y¢ T, 1)
TS = §T5T — o, LTs — yrsTs | 2
TL = o LT+ uM, T + oL Ts — yro Ty — ey €)
fj—“f:k—a3LM—eMsM—yMM, (4)
% = eMgM — a, LM — ymsMs , ()
% = oazLM + a,LMg — uyM| T — yy M, — uyMy,, (6)
% = urTy, + pyMp — o4 LT — apLTg — 03 LM — oty LMg — v, L, (7)

As described in Equation 1, normal T-cell (T) population changes with respect to time as a function of the
inflow r in T and the outflow y;T which represents the increase due to the production and the decrease due
to the natural mortality of normal T-cells, respectively. The outflow «;LT represents reduction in the T-cell

Brazilian Archives of Biology and Technology. Vol.66: €23220183, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Sumalapao, D.E..; et al. 4

population due to the presence of infection by leptospires L, where the normal T-cells (T) are infected and
converted to infected T-cells (T.) at an infection rate a,. Another outflow in T is 6 TgT which corresponds to
the reduction in the T-cell population when smoking impairs normal T-cells (T) at a rate §. Lastly, by means
of cell-to-cell transmission of infection, the outflow uM; T indicates a decrease in the population in which
normal T-cells (T) are attacked at a rate u by the infected macrophages (ML) and are converted to infected
T-cells (To). The process in obtaining the remaining six ordinary differential equations is similar to the first
ordinary differential equation.

Parameter Values

The parameter values in the model were either estimated or based on the available literature (Table 1).
For the estimated parameters, approximations were based on the properties and dynamics discussed in the
literature. For instance, the smoking impairment rate e for macrophages should be greater than the smoking
impairment rate § for T-cells as macrophages are severely affected by smoking than T-cells [3,4]. It is also
assumed that infection rate is greater than the smoking impairment rate. In the conversion of normal immune
cells to infected cells, infection rate for normal macrophages (a3) is assumed to be greater than the smoking
impairment rate (&) for macrophages because impaired cells have impaired metabolic processes rendering
less susceptible to attack [24,25,26]. Similarly, infection rate a; for normal T-cells has to be higher than the
impairment rate § for T-cells due to smoking. When smoking-impaired cells are converted to infected cells,
infection rate a4 for the smoking-impaired macrophages and infection rate a, for smoking-impaired T-cells
were higher compared with the infection rates in normal cells as susceptibility to bacterial infections is
magnified by tobacco use [27,28].

Table 1. Descriptions, reference values, and estimates of the model parameters.

Parameter Description Value Reference Units
r T-cells recruitment constant 0.3288 [19] day™*
k Macrophages recruitment rate 0.0876 [22] cell . day™'. ml**
Yr T-cells natural mortality rate 5.48 x107®  [20] day™*
Yu Macrophages natural mortality rate 9.62 x10°¢  [21] day™*
YL Leptospire natural mortality rate 5.5x 1073 [31] day™*
£ Macrophage smoking impairment rate 1.096 x1075 [21] day™*
1) T-cells smoking impairment rate 6.85 x10°¢  [21] day’
Yrs Impaired T-cells mortality rate 6.58 x1077  [21] day™’
Vs Impaired macrophages mortality rate 4.11 x10°%  [21] day’
YrL Infected T-cells mortality rate 1x10 Estimated day™
YL Infected macrophages mortality rate 4 x10™4 Estimated day™
u Infected macrophages infection rate of normal T-cells 8 x107% Estimated day™
Ur Leptospire replication rate in infected T-cells 0.06 Estimated day™
Uy Leptospire replication rate in infected macrophages 0.03 Estimated day™
a Infection rate for normal T-cells 5 %1075 Estimated day™
a, Infection rate for impaired T-cells 3 x10™4 Estimated day™
as Infection rate for normal macrophages 1x10 Estimated day™
ay Infection rate for impaired macrophages 5x10™4 Estimated day™

The mortality rates of the infected macrophages (ym. ) and infected T-cells (yr. ) are greater than the
mortality rates of the normal and smoking-impaired cells [29], whereas the death rate of the smoking-impaired
cells is slower than the normal cells primarily because the former have impaired metabolic processes
rendering these less susceptible to attack and delayed death [24,25,26].

Cell-to-cell transmission of infection is relatively faster compared to pathogens infecting immune cells
[30]. Hence, infected macrophages (M.) transmit the infection to T-cells at a rate Y, which is faster than
infection rate a:; for the normal T-cells [30]. As the normal macrophages (M) attempt to phagocytose and
degrade the pathogens than the normal T-cells (T), the replication rate v is lower than pr.
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RESULTS AND DISCUSSION

In this paper, three systems were presented: (1) disease-free state, (2) presence of leptospira infection
only, and (3) presence of both leptospira infection and smoking.
Disease-free State

For the disease-free system, under normal physiologic conditions, the human immune system describes
the rate of change of T-cell population as

dr
T =r—vrT, (8)

while the change in macrophage population with respect to time was described as

dm
= = K—ymM. (9)
The T-cell population has disease-free equilibrium at
=X
T=--, (10)
with the population of T-cells described as
=L -yrt _r
T(t) =—+ e™'" (TO YT), (11)

with r = 0.3288 [19] and T = 5.48 x 10 [20]. As time (t) approaches infinity, T-cell population approaches
6,000 cells/mL. On the other hand, the macrophage population is described by

M(t) = % + e vt (Mg — %) (12)

and the disease-free equilibrium population for macrophages was calculated to be 9,135 cells/mL, when
k =0.0876 [22] and M =9.62 x 10 [21].
System with Leptospira Infection

The population of T-cells when exposed to leptospira changes with respect to time and is described by

=1 —ogLT — pM T — y,T (13)

and

dT
d—tL = o LT+ pMT = yr . TL — purTy (14)
while the population of macrophages when exposed to leptospira changes with respect to time and is

described by

am _

” k — azLM — yyM (15)

and

am
0 = LM — M T — ym My, — puMy, (16)

The rate at which the population of leptospira changes with respect to time is described by

dL
E = IJ.TTL + I’J‘MML - O(lLT - O(3LM - YLL . (17)
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In the numerical simulation of this system, incremental changes in the population of leptospires ranging
from 2,000 to 8,000 cells/mL (Figure 2) were examined which subsequently reflected the behavior of immune
cells at these different levels of bacterial load (Figure 3). The interaction of the pathogen with macrophages
has been elucidated in bacterial infection pathogenesis [17]. Among individuals with leptospirosis, blood or
serum bacterial load ranges from 102 to 106 leptospires/mL [32]. The increase in the bacterial load (Figure
2) has resulted to a corresponding reduction in the number of normal cell populations (Figure 3) and these
normal cells were converted into infected cells (Figure 3C-3D). At a bacterial load of 2,000 cells/mL, the
infected cells declined in the first few days as the normal immune cells attempt to eradicate the bacteria.
However, with the given bacterial load, infected cells persisted which explains the decline in the normal cell
populations (Figure 3A-3B) and the corresponding rise in the population of infected cells (Figure 3C-3D). The

trend remains as the bacterial load increases, and the persistence of the bacteria remains longer inside the
host.
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Figure 2. Temporal behavior of the leptospire population at varying initial load in the absence of smoking.

The behavior of the normal cells can be observed to be in the reverse fashion as with the number of
leptospires (Figure 3A-3B). As the number of leptospires increases, the population of the normal cells
decreases. When leptospire population increases, the number of infected immune cells also increases. The
infection persisted beyond 150 days when the inoculum was at 2,000 cells/mL, but when the bacterial load
was increased to 4,000 cells/mL, the conversion of normal immune cells to infected macrophages occurred
in the first 30-45 days and T-cells in 90 days post-infection. A similar observation with the immune cells
exposed to 2,000 cells/mL inoculum, the infected immune cells decreased in the first few days due to the
phagocytic function of normal immune cells. A faster conversion rate of the normal cells has been observed
when the bacterial load was increased to 4,000 cells/mL. These findings suggest that the rate of conversion
of normal immune cells to infected cells is dose-dependent. Moreover, the persistence of such similar
behavior was observed when the inoculum was increased to 6,000 and 8,000 cells/mL (Figure 3). The
infection had converted the normal macrophages and T-cells in the first 15-20 days since exposure which
explains the reduction in the normal cell populations (Figure 3A-3B) and the subsequent persistence of the
infection until day 30. These findings demonstrate the dose- and time-dependence bacterial induction of
apoptosis in macrophages [18].
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Figure 3. Behavior of the (A) normal macrophages, (B) normal T-cells, (C) infected macrophages, and (D) infected
T-cells under varying bacterial loads in the absence of smoking.

Immune response in leptospira infection among smokers

Human immune cells, particularly macrophages, are efficient in the phagocytosis and clearance of
pathogens, but exposure to toxic environmental factors such as smoking can suppress these phagocytic
activities [33]. In Figure 4, the behavior of the bacterial population in the system over time in the presence of
smoking is described. Tobacco smoke contains nicotine-enriched aerosol that causes alveolar deposition
and increases absorption in the systemic blood which renders the host higher vulnerability to infectious
diseases [34]. As the antibacterial activity of the immune cells is compromised by exposure to tobacco smoke
[27], when the infection sets in the already impaired cell populations, these cells become even more
susceptible to the infection which further weakens the immune system. Thus, given a 2,000 cells/mL bacterial
load, the normal cell population rapidly declined in roughly 60 days (Figure 5A-5B). The smoking-impaired
cells increased in the first few days, but eventually declined beyond 40 days (Figure 5C-5D) due to the
presence of infection while the persistence of leptospire population is within 150 days (Figure 4).
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Figure 4. Behavior of the bacterial population in the system over time in the presence of smoking.

Regarding leptospirosis among smokers with an inoculum of 4,000 cells/mL, the infected population
increased at a relatively faster rate since the normal and smoking-impaired cells were converted to infected
cells (Figure 5). The effect of infection among smokers resulted in a rapid decline in the normal cell
populations (Figure 5). When exposed to a bacterial load of 6,000 cells/mL and 8,000 cells/mL, normal cell
populations likewise declined, and a significant conversion of these normal cells to infected cells was
identified (Figure 5). Longer persistence of infection and more predominance of leptospires were observed
in higher bacterial load (Figure 4). Due to smoking, the immune cells weaken and become more susceptible
to infection [27]. Hence, if the immune cells were already smoking-impaired, by the time infection sets in,
immune response displayed a rapid destruction in the T-cell and macrophage populations suggesting the
synergistic effect of smoking and leptospirosis. When both smoking and infection were present, immune cells
were converted to infected cells at a faster rate (Figure 5) when compared with infection among non-smokers
(Figure 3).

The immune system is known to protect an individual from pathogens, but it is impaired among smoking
individuals. Both the innate and adaptive immunity become susceptible to infections due to cigarette smoking
[25]. When the host is infected, with the rapid replication of the pathogen, and once its population exceeded
the maximum capacity of the macrophages, it will spread all throughout the organs which can subsequently
lead to death [35]. The complex dynamics of pathogen and host regulates the activation of immune cells
which is associated with the degree of bacteremia, and consequently with the clinical outcome of the host
[36,37].
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Figure 5. Behavior of (A) normal macrophages, (B) normal T-cells, (C) smoking-impaired macrophages, (D) smoking-
impaired T-cells, (E) smoking-impaired and infected macrophages, and (F) smoking-impaired and infected T-cells under
varied bacterial loads.

CONCLUSION

How the pathogens interact with human immune cells had been elucidated in the pathogenesis of several
bacterial infections. The synergy of leptospirosis and smoking in the impairment of human immune system
was described using a system of ordinary differential equations. Leptospirosis resulted in a significant
decrease in T-cell and macrophage populations. Disease-free and synergistic immune response to smoking
and leptospirosis revealed predominance of macrophages over T-cells. The persistence of leptospirosis
primarily depends on the initial bacterial load and with concomitant smoking exposure of an infected
individual, synergistic immune response has been established as reflected in the rapid decline in T-cell and
macrophage populations. Exposure of human immune cells to toxic environmental factors such as smoking
suppressed their phagocytic activities and increased vulnerability to infectious diseases.
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