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Abstract

It is possible that during long lasting chronic infections such as tuberculosis (TB) and leprosy indi-

viduals who generate a stronger immune response will produce a chronic shift in the systemic

levels of inflammatory proteins. Consequently, the systemic immunological shift could affect

inflammatory responses against other persistent pathogens such as Porphyromonas gingivalis asso-

ciated with periodontal disease (PD).

Objective: To determine if in vitro exposure to Mycobacterium tuberculosis or M. leprae lysates

impacts subsequent immune responses to P. gingivalis; and to propose a new dialogue between

experimental immunology and paleopathology.

Material and methods: We sequentially (2 days protocol) exposed peripheral blood mononuclear

cells (PBMCs) from healthy donors to bacterial lysates either from M. tuberculosis, or M. leprae, or

P. gingivalis. After collecting all supernatants, we measured the expression of immune proteins

TNFa and IFNg using an enzyme-linked immunosorbent assay.

Results: Early exposure (day 1) of PBMCs to M. leprae or M. tuberculosis lysates induces an inflam-

matory shift detected by the increase of TNFa and IFNg when the same cells are subsequently

(day 2) exposed to oral pathogen P. gingivalis.

Discussion: By extrapolating these results, we suggest that chronic infections, such as TB and lep-

rosy, could generate a systemic immunological shift that can affect other inflammatory processes

such the one present in PD. We propose that the presence and severity of PD should be explored

as a proxy for inflammatory status or competence when reconstructing the health profile in past

populations.
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1 | INTRODUCTION

Recently, in a special issue of AJPA, Reitsema and McIlvaine (2014)

called for a re-examination of the association between stress and

health, and promoted more holistic research in bioarchaeology. In that

same issue, Klaus (2014) called for new cross-disciplinary perspectives

recognizing the crucial roles of pathophysiological mechanisms in

inflammation and immune responses and in the formation of pathologi-

cal phenotypes in bone. Moreover, Klaus pointed out that chronic

infections promote a long-term inflammatory response, and wherever

inflammatory conditions or diseases occur, systemic impacts on bone

develop on some level (Klaus, 2014). In this article, we follow those

recommendations and investigate if in vitro exposure to pathogens

involved in chronic infections such as leprosy and tuberculosis (TB) can

generate a systemic inflammatory shift consequently affecting immune

interventions against other pathogens involved in persistent patho-

genic infections such as periodontal disease (PD). Leprosy, TB, and PD

can generate bone alterations; therefore, this experimental approach is

proposed to open a new dialogue between experimental immunology

and bioarchaeology.
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1.1 | Immune system, hyperinflammation, and

immunopathology

The first line of defense against pathogens or any non-self molecules

are simple physical barriers such as skin and mucous membranes.

When these physical barriers fail, the immune system commonly reacts

to infection with two complex mechanisms: the cellular immune

response (as part of the innate system), and the humoral (or acquired)

immune response. While these two responses work in concert and

depend on a multilayered network of cooperation (Danilova, 2008), the

initial host response should be considered the cellular immune

response. It is becoming clearer that while infections can act locally,

they can also exert a systemic influence on the production and func-

tion of the cellular components (Clarke, 2014). Recent studies have

also shown that microbial products disseminated throughout the body

can exert systemic effects on the cellular responses (Clarke et al., 2010;

Ichinohe et al., 2011; Klarstr€om Engstr€om et al., 2015). Interestingly,

while the immune system plays a fundamental part in protecting us

from pathogens, many of its mechanisms are also major contributors to

tissue damage and disease. Deficient responses may result in increased

susceptibility to pathogens, but excessive ones may result in height-

ened inflammation and pathologic consequences to the host (Graham

et al., 2005). Immune proteins such as cytokines influence pathogen-

host interactions, regulating the immune response and determining in

part whether infection will result in immunological tolerance, immunity,

or immunopathology (Williams et al., 1992). These proteins can be pro-

duced in excess during both innate and acquired immunity leading to

immunopathology linked to two different, but not mutually exclusive,

phenomena: (a) temporal protective immunity against specific patho-

genic processes; and (b) pathogenic manipulation of the immune

response (Graham et al., 2005).

Usually, immune and inflammatory responses are confined to local

tissues or organs, but when inflammation is strong, spillover of cyto-

kines and activated cells can occur. This plays a significant role in sys-

temic responses, leading in some cases to chronic inflammatory

systemic diseases (Straub, 2011). Tumor necrosis factor alpha (TNFa) is

one of the primary cytokine mediators of inflammation. When its con-

centration increases in response to local injury or infection, it can

escape the local inflammatory area reaching the systemic circulation.

This can affect immune cell activation and significantly alter the host’s

physiology (Strieter et al., 1993). Therefore, an over-reactive immune

response may be retained by a balance between costs and benefits of

fighting pathogens (Graham et al., 2005). Consequently, pathogens

may cause chronic disease because “long-term” disturbances on the

body persist even after the pathogen is gone (Ewald, 2002). Such an

abnormal inflammatory response can be linked to an over-reactive

immune response or “hyper-responsive phenotype” (Shaddox et al.,

2010).

Altered cytokine expression during chronic infections is considered

one of the main underlying immunological changes that could impact

other infections (Stelekati and Wherry, 2012). Following this line of

thought, Barton et al. (2007) proposed that latent infections can create

a polarized cytokine environment and produce a prolonged state of

cross protection when the host faces different pathogens. It could be

argued that during long lasting chronic infections such as TB and lep-

rosy those individuals who generate a stronger immune response will

produce a shift in the systemic levels of inflammatory mediators, lead-

ing to a potential hyperinflammatory state or hyperinflammatory phe-

notype (HIP) while experiencing a chronic infection such as

periodontitis or PD.

Therefore, our central hypothesis is that chronic infectious dis-

eases such as TB and leprosy impose a shift in the systemic immune

response and this shift affects inflammatory responses against common

or persistent bacterial infections such as the ones involved in PD. We

do consider that experimental in vitro data must be primarily generated

to test the proposed hypothesis that could be used in future paleopa-

thological reconstructions where TB (or leprosy) and PD are identified

in the same individual.

1.2 | Leprosy and TB as generators of the systemic

immunological shift

Leprosy and TB are closely related infectious diseases. The causal

pathogens belong to the same genus: Mycobacterium. Furthermore,

both diseases are associated with similar social, ecological, and biologi-

cal factors such as poverty, poor access to health care, poor diet, urban

living, and compromised immune systems (Roberts, 2011).

The TB pathogen (Mycobacterium tuberculosis) infects the host

through the lungs or the gastrointestinal tract, and the symptoms and

progression of the disease vary according to where the infection first

expresses itself (Roberts, 2011). Pulmonary infection commonly

includes shortness of breath, chest pain, cough, loss of blood, and ema-

ciation (Gordon and Mwandumba, 2008). Gastrointestinal infection

also includes loss of blood and weight as well as abdominal pain. The

bacterium can spread to the skeleton and most frequently causes

destructive lesions in the spine. Secondary in the paleopathological

diagnosis of TB are lesions elsewhere in the skeleton, such as septic

arthritis at the hip, sacroiliac, and knee joints and lesions on the ribs

(Ortner, 2003; Roberts, 2011)

Interferon gamma (IFNg) and TNFa are two of the most important

inflammatory cytokines involved in an immune response (innate and

acquired), and both play an important role during the innate response

in TB (Ehlers, 1999; Flynn and Chan, 2001; van Crevel et al., 2002;

Cooper et al., 2011; Cavalcanti et al., 2012). These two cytokines act

synergistically in the activation of macrophages (Lin and Flynn, 2010).

Especially in individuals with latent TB, TNFa plays a crucial role and

acts on a variety of different immune cells (Barnes et al., 1993; van

Crevel et al., 2002). Moreover, increased levels of TNFa were detected

when in vitro cultures of peripheral blood mononuclear cells (PBMCs)

from patients with pulmonary TB were exposed to mycobacterial anti-

gens (Al-Attiyah et al., 2012; Dlugovitzky et al., 2000). In addition, in

TB patients, systemic “spillovers” of TNFa could lead to unwanted

inflammatory consequences (van Crevel et al., 2002). Therefore, immu-

nological responses, especially during the active phase of TB, can help

to contain the infection but without proper regulatory mechanisms can

also cause collateral damage to host tissues (Guyot-Revol et al., 2006).
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During the latent period of TB, constant pressure from the immune

system is required to maintain the state of “dormancy” (Ehlers, 1999).

TNFa can play a bipolar role in stimulating the granuloma formation to

contain the bacteria, but can also enhance bacterial growth within the

granuloma (Huynh et al., 2011). It is clear that both cytokines, IFNg

and TNFa, act in the early stage of infection to conduct the innate

response and at the later stage to sustain and regulate it (Cooper et al.,

2011). In the end, a constant battle will unfold between the host and

the pathogen wherein the outcome depends on multiple factors. In

cases of latent or dormant TB, most patients mount a strong immune

response, containing but not eliminating the infection (Ferraz et al.,

2006; Flynn and Chan, 2001).

Leprosy is caused by Mycobacterium leprae and is a chronic infec-

tious disease that, depending on the host immunological response and if

left untreated, can slowly progress and cause debilitating deformities

associated with peripheral nerve damage and cutaneous lesions (Hus-

sain, 2007). In regard to host immune competence, leprosy can show a

broad spectrum of clinical symptoms. At one end, patients with tubercu-

loid leprosy (TL) express extensive cell mediated immune response; at

the other end, in patients with lepromatous leprosy (LL), the cell medi-

ated response or innate response is significantly reduced (Kaplan, 1994).

Like TB, leprosy can affect the skeleton. Leprosy (most commonly LL) is

usually diagnosed based on the presence of the rhinomaxillary syndrome

(the facial lesions), which are considered pathognomonic, including

destructive remodeling of the maxillary alveolar process and nasal aper-

ture, destruction of the anterior nasal spine, pitting of the palate, atrophy

and truncation of the phalanges, and periosteal new bone formation on

the tibia and fibula (Ortner, 2003; Roberts, 2011).

While a higher expression of Toll-like receptor 2/1 heterodimer is

detected in TL, both ends of the leprosy spectrum (TL and LL) differen-

tially stimulate the production of pro-inflammatory cytokines such as

TNFa (Modlin, 2010). However, a significantly higher expression of

interleukin-2 (IL-2) and IFNg associated with a Th1 inflammatory

response was detected in tuberculoid lesions commonly present in TL.

This elevated expression of proinflammatory cytokines could be associ-

ated with resistance to growth of M. leprae in TL (Modlin, 1994). It has

been shown that tuberculoid lesions in TL contain T lymphocytes

CD41 (mostly T helper lymphocytes), and mainly T lymphocytes

CD81 are found (mostly suppressor/cytotoxic lymphocytes) in LL

lesions. While the ratio CD41/CD81 is locally abnormal in leprosy

lesions, it was observed that this ratio was also abnormal systemically

in peripheral blood (Modlin et al., 1988). Although the cell mediated

and cytokine responses differ between TL and LL, it was recognized

that leprosy is not a static disease but an extremely dynamic disease in

which immune shifts alter the clinical symptoms (Modlin, 1994). White

and Franco-Paredes (2015) proposed that the role of the whole micro-

biome in modulating the inflammatory response should be considered

when treating leprosy. The interaction of the mycobacterial infection

with host microbiota was presented as a future agenda of research to

determine the extent to which commensal flora and mycobacterial

infection affect each other, especially on the expression of cytokines

responses such as IFNg and TNFa (Cooper et al., 2011).

Interestingly, two different authors (in different research contexts

and fifteen years apart) pointed out the occurrence of a hyper-

inflammatory state in leprosy and TB. Ell (1987), in a study of the

potential interaction of plague and leprosy in medieval Europe, sug-

gested that leprosy (especially LL) at least until late in the course of the

disease cannot be completely associated with systemic immune-

deficiency. In fact, he suggested that leprosy in many instances repre-

sents a hyper-immune state. Similarly, Gagneux (2012) proposed that

infection with TB might in fact confer some benefit to some human

hosts (especially those with latent infection) through inducing a low

level of constant immune-stimulation and protecting against other

diseases.

1.3 | PD as marker for the systemic inflammatory

shift?

If HIP, generated by persistent chronic infections such as TB or leprosy,

can affect other tissues due to a systemic exacerbation or hyperactiva-

tion of the cellular immune response, it is possible that any systemic

immunological shift could affect other persistent and regular chronic

infections. Persistent bacterial infection, such as the one generated by

Porphyromonas gingivalis, permanently colonizes surfaces of the oral

cavity (Dommisch et al., 2012). The persistent infection caused by P.

gingivalis (among other pathogens from the oral microbiota or perio-

dontophatic bacteria) activates the host immune system (Gemmell

et al., 1995; Seymour and Gemmell, 2001; Yin et al., 2010). Among

many inflammatory factors released in chronic oral infections, cyto-

kines such as TNFa, IFNg, IL-1, and IL-6 play a significant role during

the innate response (Borch et al., 2010; Page, 1991; Seymour and

Gemmell, 2001). While these immune factors enhance the cellular

response against the oral pathogens, they also induce excessive osteo-

clastogenesis and bone alteration (Birkedal-Hansen, 1993; Han et al.,

2001; Page, 1991). This chronic inflammatory status leads to bone loss

and ultimately possible tooth loss (Irfan et al., 2001). The alveolar bone

loss and exposure of underlying trabecular bone associated with PD

are frequently identified in skeletal remains (Larsen, 2015; Ogden,

2008).

The periodontal burden that includes local inflammation appears

to act on individual susceptibility that intensifies systemic inflammation

and correlates with other diseases such as atherosclerosis (D’Aiuto

et al., 2004). This supports the hypothesis that local inflammation can

have systemic consequences. A study conducted on human skeletal

remains from a medieval population in London suggested an associa-

tion between oral pathologies and an altered systemic inflammatory

response (DeWitte and Bekvalac, 2010). Moreover, in a separate study,

the same authors found an association between PD and periosteal

lesions that might reflect enhanced inflammatory responses or a hyper-

inflammatory trait (DeWitte and Bekvalac, 2011). Interestingly, a study

of periodontal status in living leprosy patients in Spain showed a tend-

ency for poor periodontal health unrelated to the presence of facial

destruction, and the authors pointed to factors such as reactive bone

changes or effects of chronic inflammation (N�u~nez-Martí et al., 2004).

Therefore, the strong association between the expression of different
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pro-inflammatory proteins and periodontal tissue destruction could

allow us to test whether PD could be used as marker for the inflamma-

tory status of individuals or populations, and test if co-infections such

as TB or leprosy could be correlated with increased periodontal alveo-

lar bone damage.

It is important to note, as suggested by Klaus (2014), that cellular

and molecular signals are not switches that command (“on-off”) the

entire body to make or eliminate bone. Both processes can be seen as

involving costimulatory signaling (Klaus, 2014) with, in our model, local

microenvironments potentially having systemic impacts.

The goal of this study is to test whether TB and leprosy can gener-

ate an inflammatory shift subsequently altering the immune response

to persistent pathogens such as oral pathogen P. gingivalis. Primarily,

we propose to develop experimental in vitro protocols that will improve

our understanding of how exposure to one pathogen species (M. leprae

or M. tuberculosis) can generate a shift in the expression of pro-

inflammatory immune proteins (TNFa and IFNg) produced by human

PBMCs subsequently affecting the immune response to oral pathogen

P. gingivalis (Figure 1). Since all these pathogens can generate

bone alterations, we also propose a discussion that can be used as

model for a new dialogue between experimental immunology and

paleopathology.

2 | MATERIAL AND METHODS

2.1 | Ethics approval

PBMCs from 12 healthy voluntary donors were obtained at the Uni-

versity of Louisville Nephrology Research Laboratory. The blood

sample collection, including the corresponding subject informed con-

sent document, was approved by the Institutional Review Board

(IRB) of the University of Louisville; and the assigned number is

191.96. The collection of PBMCs and experimental protocols for our

current study was marked as Exempt within the same IRB (#

191.96), under tracking number 11.0334.

2.2 | Peripheral blood mononuclear cells

PBMCs were isolated from venous blood by dextran sedimentation

and density centrifugation in a Percoll gradient as described previously

(Haslett et al., 1985). PBMCs were washed with PBS, counted, and

resuspended in complete medium [RPMI 1640 containing 10% FCS,

penicillin (100 U/ml), streptomycin (100 g/ml), sodium pyruvate

(1 mM), and nonessential amino acids (0.1 mM)]. Immediately after

resuspension, cells were seeded in 24 well plates at a density of 4 3

106/well and following the corresponding experimental protocols.

2.3 | Reagents for experimental protocols

PBMCs were stimulated in vitro with lipopolysaccharide (LPS from

E. coli 0111:B4; a general proxy for bacterial infection; Sigma, St. Louis,

Mo) acting as a general T-cell receptor stimulus agonists and inducing

an inflammatory response that was used as a positive control. For mim-

icking the bacterial infection, whole sonicated bacterial lysates were

used from Mycobacterium tuberculosis (BEIResources, NR-14822);

Mycobacterium leprae (BEIResources, NR-19329); and Porphyromonas

gingivalis (from Dr. Richard Lamont lab at Dpt. of Oral Immunology and

Infectious Diseases; University of Louisville).

2.4 | Experimental protocols

To investigate how exposure to one pathogen species (M. leprae or M.

tuberculosis) can generate a shift in the expression of immune proteins

(TNFa and IFNg) produced by human PBMCs, and subsequently affect

the immune response to the oral pathogen P. gingivalis, two different

experimental (two-day) protocols were set up. We used extensive con-

trols such as untreated cells or LPS stimulated cells both days. How-

ever, to avoid any disruption in cytokine expression we did not run

both experimental protocols longer than 48 h. While experimental time

length varies depending on the clinical or research question, our time

window (48 h) is the most conservative and will allow also to compare

our results with most cytokine in vitro profiles in healthy donors (for a

comprehensive review see Warl�e et al., 2003).

2.4.1 | Protocol 1: Sequential in vitro human PBMCs culture

with M. tuberculosis, or M. leprae, or P. gingivalis

To investigate how exposure to one pathogen species (M. leprae or M.

tuberculosis) can generate a shift in the expression of immune proteins

(TNFa and IFNg) produced by human PBMCs, and subsequently

affecting the immune response to oral pathogen P. gingivalis, a two-day

experiment was set up (Figure 2, Protocol 1). PBMCs were exposed to

either M. tuberculosis or M. leprae or P. gingivalis lysates on day one

(during 24 h); and sequentially on day two, cells were collected,

washed, and resuspended in fresh medium, and exposed for another

FIGURE 1 Summarized rationale for linking a chronic immunological insult (by TB or leprosy) with worsening of inflammation in PD
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24 h. to the same or a different pathogenic insult. All supernatants (sp)

were collected on day 1 and 2.

2.4.2 | Protocol 2: Exposure of naïve (or activated by

P. gingivalis) human PBMCs to sp from PBMCs with early

exposure M. tuberculosis or M. leprae lysates

This protocol allows us to determine if factors produced by PBMCs

exposed to M. tuberculosis or M. leprae lysates will induce an immuno-

logical shift on naïve human PBMCs or cells activated only by P. gingi-

valis. In this second experimental approach, sp from PBMCs exposed to

M. tuberculosis or M. leprae (and corresponding controls) collected on

day 1 were used on naïve PBMCs (or activated by P. gingivalis) for

another 24 h. This allows us to study a subsequent shift in the expres-

sion of immune proteins (TNFa and IFNg) and to test if factors

released by activated PBMCs can affect the cytokine expression of

PBMCs (naïve or exposed to P. gingivalis), mimicking a systemic impact

on distant tissues (Figure 2, Protocol 2). All sp were collected on day 1

and 2.

2.5 | Cytokine assays and statistical analysis

Cytokine expression (TNFa and IFNg) was determined by an enzyme-

linked immunosorbent assay-ELISA (Affymetrix-eBioscience, San

Diego, CA). Concentrations were calculated by comparison with

recombinant cytokine standards. Within each sample (healthy donor)

all experimental conditions were run by duplicate, and their results

were compared to stimulus-free controls and standard positive con-

trols. To assess intersample variability, we used a linear mixed-effects

model including fixed effects protein (TNFa or IFN-g) for experimental

conditions: P. gingivalis (24 h)/P. gingivalis (24 h); M. tuberculosis (24 h)/

P. gingivalis (24 h); orM. leprae (24 h)/P. gingivalis (24 h), and considered

donor sex in a full factorial design. A random intercept was included

per blood sample. The dependent variable was the relative protein con-

centration after 48 h, defined as log (CD2/CD1); where CD2 is the cyto-

kine concentration after day 2, and CD1 is the cytokine concentration

after day 1. Calculations were performed using R software version

3.2.1. The mixed effects model for protocol 2 included fixed effects

protein (TNFa or IFNg), experimental condition (Pg-Pg; Pg-Pgsp; Pg-

TBsp, or Pg-LPsp), and their interaction. Blood sample was again the

sole random effect. A p-value of 0.05 was used to determine statistical

significance for all analyses.

3 | RESULTS

3.1 | Protocol 1: Does IFNc and TNFa expression by

PBMCs exposed to P. gingivalis change if the same

cells have an early exposure to M. tuberculosis or

M. leprae?

TNFa and IFNg expression by PBMCs exposed to P. gingivalis (24 h)

was measured after an early exposure (24 h) to M. tuberculosis or M.

leprae lysates. We considered different controls, where we included

untreated cells both days as well as cells treated with LPS to check cell

viability during the whole experiment. Exposing PBMCs (24 h) to M.

tuberculosis or M. leprae lysates induces an increase in the expression

of TNFa on day 2 when the same cells are exposed to the oral patho-

gen P. gingivalis (Figure 3A). Interestingly, males exhibit a higher expres-

sion of TNFa when cells exposed to M. tuberculosis or M. leprae lysates

FIGURE 2 Diagrammatic representation for experimental conditions when TNFa and IFNg were measured. Protocol 1: (A) naïve cells after
24 h (day 1) of corresponding insult; (B) same cells from A that after wash were exposed for another 24 h (day 2) to same or different
insult; and Protocol 2: (C) naïve cells exposed for 24 h to sp (factors released) from (A)
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on day 1 were exposed to the oral pathogen P. gingivalis on day 2. For

M. leprae lysates on day 1 and P. gingivalis lysate day 2 (Lp-Pg), there is

a difference of TNFa expression between males and females. Males

show an increased expression of TNFa on day 2 when same cells are

exposed to the oral pathogen (P. gingivalis; Figure 3B). Similar results

were observed for the expression of IFNg under similar experimental

conditions (Figure 3C and 3D).

Using a linear mixed-effects model of relative protein concentra-

tion after 48 h, defined as log (CD2/CD1), the relative concentration dif-

fered significantly by cytokine (F1,33552.18; p< .0001) and

experimental condition (F2,33530.86; p< .0001), but not by sex

(F1,954.96; p5 .053). The association between experimental condition

vs. sex interaction was, however, significant (F2,3356.44; p5 .0043).

None of the other interactions (cytokine vs. experimental condition,

cytokine vs. sex, or cytokine vs. experimental condition vs. sex) were

statistically significant. Ignoring any difference between male and

female, the relative concentration of TNFa following prior exposure to

M. tuberculosis lysate was 7.0 times greater than in samples only

exposed to P. gingivalis (both days). The relative concentration follow-

ing prior exposure to M. leprae lysates was 5.8 times greater. Relative

concentration of IFNg was increased by a factor of 15.4 and 13.4 fol-

lowing prior exposure to M. tuberculosis or M. leprae lysates, respec-

tively (Figure 4A–4D).

3.2 | Protocol 2: Do factors released by PBMCs

exposed to M. tuberculosis or M. leprae affect IFNc and

TNFa expression by naïve PBMCs or those only

exposed to P. gingivalis?

TNFa and IFNg expression was measured in PBMCs primarily exposed

to P. gingivalis (day 1 during 24 h), and later (day 2 during 24 h) exposed

to sp from PBMCs exposed to M. tuberculosis or M. leprae or P. gingiva-

lis lysates (day 1 during 24 h). All conditions where sp of PBMCs inde-

pendently exposed to pathogen lysates for 24 h (day 1) were collected

and used on PBMCs (same individual) previously exposed (day 1 during

24 h) to P. gingivalis showed increased cytokine expression when com-

pared with the corresponding control (Pg-Pg vs. Pg-TBsp or Pg-LPsp or

Pg-LPsp) Interestingly, Pg-Pgsp showed higher expression of both cyto-

kines than Pg-Pg, but not as high as Pg-TBsp (Figure 5A and 5B).

FIGURE 3 TNFa (A) and IFNg (C) expression (pg/ml) from 12 individuals* corresponding to both two time points for sp collection: day 1
during 24 h (black columns) and day 2 during 24 h (gray columns). Total time for experiment: 48 h Round dots line connects and compares
the expression of TNFa and IFNg of PBMCs exposed in day 2 to P. gingivalis (Pg) but differentially exposed to M. tuberculosis (TB); or
M. leprae (LP); or P. gingivalis (Pg) during the first day. TNFa (B) and IFNg (D) expression (pg/ml) in same experimental design but
discriminating by male (M) and female (F); round dots line (males) and solid line (females) connects and compares the expression of TNFa
and IFNg of PBMCs exposed in day 2 to P. gingivalis (Pg) but differentially exposed to M. tuberculosis (TB); or M. leprae (LP); or P. gingivalis
during the first day. UNT: untreated (only media); and LPS: lipopolysaccharide (for positive control). (*) For some conditions, not all samples
were included. However, all statistical analysis (for experimental conditions) was conducted with a minimum of eight individuals
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Using a linear mixed-effects model of relative protein concentra-

tion after 48 h (day 11 day 2), defined as log (CD2/CD1), relative pro-

tein concentration varied significantly by protein (F1,27533.53;

p< .0001) and experimental condition (F3,27519.40; p< .0001). The

interaction effect was not significant (F3,2750.118; p5 .949). Samples

exposed toM. tuberculosis sp [Pg day 1 (during 24 h) – TBsp day 2 (dur-

ing 24 h)] averaged a relative concentration of TNFa 14.5 times, and

IFNg 13.2 times, that of samples exposed to P. gingivalis alone (both

days). Exposure to M. leprae sp resulted in 2.1 times the relative con-

centration of TNFa and 2.8 times that of IFNg compared with

FIGURE 4 Linear mixed-effects model of relative protein concentration after 48 hrs. (total time of experiment), defined as log (CD2/CD1)
for TNFa (A) and IFNg (B) expression (pg/ml) from 8 individuals (included in Figure 3) (circle: female; triangle: male) corresponding to three
experimental conditions: Pg-Pg (P. gingivalis day 1 - P. gingivalis day 2); TB-Pg (M. tuberculosis day 1 - P. gingivalis day 2); LP-Pg (M. leprae
day 1 - P. gingivalis day 2). Graphs C and D represent the confident intervals (95%) for data showed in A and B; where graph C shows all
individuals for both cytokines, and D discriminate sex for both cytokines (F: female; M: male)

FIGURE 5 TNFa (A) and IFNg (B) expression (pg/ml) from 5 individuals corresponding to both two time points sp collection: day 1 during
24 h (black columns) and day 2 during 24 h (gray columns). Total time for experiment: 48 h The last three (gray) columns correspond to the
second day culture when cells from day 1 (exposed to P. gingivalis lysate) were exposed to sp from PBMCs differentially exposed to M.
tuberculosis (TBsp); or M. leprae (LPsp); or P. gingivalis (Pgsp) during the first day. UNT: untreated (only media); and LPS: lipopolysaccharide
(for positive control)
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exposure to P. gingivalis. By comparison, exposure to P. gingivalis sp

(Pgsp) produced 8.5 times the TNFa and 8.2 times the IFNg as

repeated exposure to P. gingivalis (both days; Figure 6A–6C).

4 | DISCUSSION

Overall, and taking together both experimental protocols, early expo-

sure (day 1) of PBMCs directly to M. leprae orM. tuberculosis lysates (or

indirectly to sp from cells previously exposed to these same lysates)

induces an inflammatory shift detected by the increase of pro-

inflammatory cytokines TNFa and IFNg when the same cells are subse-

quently (day 2) exposed to the oral pathogen P. gingivalis. Using a linear

mixed-effects model of relative protein concentration, defined as log

(CD2/CD1), relative concentration differed significantly by cytokine and

experimental condition but not by sex. However, when not considering

the log (CD2/CD1), males show a higher expression of both cytokines

after an early exposure (day 1) to M. leprae or M. tuberculosis lysates. It

was observed that the relative concentration of TNFa following prior

exposure to M. tuberculosis lysate was 7.0 times greater than in sam-

ples only exposed to P. gingivalis (both days). The relative concentration

following prior exposure to M. leprae lysates was 5.8 times greater. The

relative concentration of IFNg was increased by a factor of 15.4 and

13.4 following prior exposure to M. tuberculosis or M. leprae lysates,

respectively. These results show an immune alteration in the expres-

sion of proinflammatory cytokines TNFa and IFNg that subsequently

impact in vitro the expression of both cytokines when immune cells are

exposed to the oral pathogen P. gingivalis. Moreover, when using sp

from cells exposed to M. tuberculosis or M. leprae lysates to induce

cytokine expression on cells already exposed to the oral pathogen

P. gingivalis, it was observed that the expression of TNFa and IFNg

(CD2/CD1) increased 14.5 times and 13.2 times, respectively, compared

to that of samples exposed to oral pathogen P. gingivalis alone (both

days). By comparison, exposure to sp from cells exposed to oral patho-

gen produced 8.5 times the TNFa and 8.2 times the IFNg as repeated

exposure to P. gingivalis (both days). Taken together, both in vitro pro-

tocols, either when PBMCs with early exposure to M. tuberculosis or

M. leprae lysates are subsequently expose to oral pathogen P. gingivalis;

or when sp from PBMCs previously exposed to M. tuberculosis or M.

leprae lysates are cocultured with PBMCs exposed to oral pathogen P.

gingivalis (mimicking a potential systemic effect of TB or leprosy infec-

tion) show a pro-inflammatory shift in TNFa and IFNg expression

affecting the response to the oral pathogen P. gingivalis.

By extrapolating these results, we suggest that chronic infections,

such as TB and leprosy, could generate a systemic immunological shift

that can affect other inflammatory processes such the one present in

PD. This potential correlation should be taken into consideration when

analyzing PD in skeletal remains. As presented in our objectives, we

are motivated by a desire to determine whether experimental data,

such as that produced by our study, can open a new dialogue between

immunology and bioarchaeology. How can we extrapolate our results

to help produce more comprehensive paleopathological reconstruc-

tions? To start the integration of in vitro data with bioarchaeological

settings where TB, leprosy, or PD are identified, we propose a careful

and broad analysis.

4.1 | Leprosy and TB trigger a dynamic spectrum of
immunological responses

As described above, leprosy can produce a broad spectrum of clinical

symptoms strongly associated with the immune response mounted by

the host: individuals with TL express extensive cell-mediated immune

response and active expression of proinflammatory cytokines, and in

individuals with LL, the cell mediated response is significantly reduced

but high titers of antibodies are found (Kaplan, 1994). Most patients

have the intermediate forms of the spectrum, either borderline tuber-

culoid, mid-borderline, or borderline lepromatous; and it is important to

note that these borderline forms are unstable and individuals can pro-

gress to one or other end of the clinical spectrum (Britton and Lock-

wood, 2004). Immune deviation towards a proinflammatory phenotype

where IFNg and TNFa are highly expressed is characteristic of the TL

stage (Modlin, 1994). However, serum cytokine levels reported for

TNFa in leprosy patients showed contradictory results, where TL

patients showed significant increase of systemic TNFa (Silva and Foss,

1989); but another study showed that LL patients also expressed high

serum levels of TNFa (Pisa et al., 1989). Therefore, it was proposed

FIGURE 6 Linear mixed-effects model of relative protein concentration after 48 h (total time of experiment), defined as log (CD2/CD1) for

IFNg (A); TNFa (B); and confident intervals (95%) (C) from 5 individuals (same as in Figure 5) corresponding to the following experimental
conditions using lysates: Pg-Pg (P. gingivalis day 1 - P. gingivalis day 2); Pg-Pgsp (P. gingivalis day 1 – sp from cells exposed to P. gingivalis
day 2); Pg-TBsp (P. gingivalis day 1 – sp from cells exposed to M. tuberculosis day 2); Pg-LPsp (P. gingivalis day 1 – sp from cells exposed to
M. leprae day 2)
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that cytokine expression occurs in addition to other mediators of the

cellular immune response observed during leprosy reactions (Sarno

et al., 1991). Moreover, it was suggested that heterogeneity of the

groups analyzed could be an important factor when explaining differen-

ces in the clinical state (Sarno et al., 1991). Cytokines such as TNFa

can play a dual role in containing or helping the bacterial growth in TB

(Huynh et al., 2011), and the specific role (perhaps pleiotropic) of differ-

ent cytokines in chronic infection is still not clearly understood.

While resistance or susceptibility to TB is linked to genetic factors,

some studies pointed out that in immunocompromised humans (i.e.,

HIV coinfection) TB can progress and transform into a systemic disease

and involve multiple organs (North and Jung, 2004; Shafer et al., 1991).

Therefore, if inflammation during TB infection progresses, the release

of molecular products generated during local inflammation can have

systemic consequences (Kaufmann and Dorhoi, 2013). In TB, the

immune responses at the site of the infection may be differently regu-

lated when compared with the responses in peripheral blood (Wallis

and Ellner, 1994). Further, during TB latent infection, the immune sys-

tem controls the pathogen by means of balanced inflammation gener-

ally causing minimal collateral damage; but in some patients TB can be

characterized by nonresolving inflammation during latency and active

phases (Kaufmann and Dorhoi, 2013).

4.2 | The entire spectrum of clinical manifestations of

leprosy and TB may not leave osteological marks

In modern cases of leprosy, about 15–50% of patients exhibit skeletal

signs of the disease (Aufderheide and Rodriguez-Martin, 1998). How-

ever, in medieval Europe, the segregation of patients and subsequent

burial in leprosaria cemeteries produced assemblages in which up to

75% of people have skeletal signs of leprosy (Lynnerup and Boldsen,

2012). The most common signs are found in the skull (pitting and per-

foration of the nasal and oral surfaces of the palate, resorption and

remodeling of the nasal aperture and nasal spine), changes in hands

and feet, and periosteal reactions in distal ends of the tibia and fibula

(Møller-Christensen, 1961; Ortner, 2003). Most skeletal markers are

found in LL and depend on the progression of the disease and the

immune competence of the individual; bone changes can be bilateral

and symmetrical in LL, and minimal or nonexistent in TL (Roberts,

2011). In the case of TL, where an extensive cell mediated immune

response is present, many skeletons will not show any bone changes

(Roberts, 2011). We must also consider that social and ecological con-

texts are correlated with higher or lower incidences of leprosy, and

these contexts changed over time and space (Roberts, 2011). Given

these heterogeneous leprosy landscapes we must also consider the

possibility that different social and environmental factors can also

affect the immune competence of populations (Crespo and Lawrenz,

2014), helping to explain the spatial and temporal incidence observed

in leprosy and its clinical outcome.

In TB, bone changes are described in 3–5% of individuals with

known diagnosis (Roberts and Buikstra, 2003). The vertebral column is

affected most frequently, but other lesions occur such as destructive

lesions of the hip and the knee joint, subperiosteal new bone formation

of the ribs and long bones, or tuberculous dactylitis of finger bones

(Roberts, 2011). As with leprosy, the immune competence of each indi-

vidual plays a significant role in the progression and clinical manifesta-

tion in TB. Most bone changes are the result of post-primary TB

spreading from its primary focus. It has been proposed that a popula-

tion with many generations of exposure to TB may produce stronger

immune responses, greater survival, and higher occurrence of bone

changes in affected individuals (Roberts and Buikstra, 2003). Different

factors such as protein and iron deficiency can affect the clinical pro-

gress and dissemination of the bacteria to the skeleton (Wilbur et al.,

2008). It is possible that protein and iron deficiency would promote

rapid death (and thus no bone changes) after TB infection, whereas

adequate protein and iron stores (which promote pathogen growth)

would make an individual susceptible to a longer chronic infection and

thus develop bone changes (Roberts, 2011).

4.3 | Model to integrate experimental and osteological

results

It has been shown that chronic mycobacterial infections can affect

immune responses (systemically) to subsequent infections (Stelekati

and Wherry, 2012). Our in vitro results support the hypothesis that the

inflammatory shift generated by TB and leprosy subsequently alters

the immune response to persistent oral pathogen such as P. gingivalis.

Likewise, a modified balance of IFNg produced upon a mycobacterial

infection may influence the outcome of malaria infection, and different

ethnic backgrounds, age, or stage of the infection can have a significant

influence (Stelekati and Wherry, 2012). The immune competence of an

individual and its impact on chronic or acute infections is not only a

biological concept, because individuals are immersed in specific envi-

ronments and social contexts that could generate heterogeneous

immunological landscapes when comparing individuals within or

between populations (Crespo and Lawrenz, 2014). Therfore, we must

consider that the immune system is characterized by a high degree of

plasticity, and marked fluctuations can occur as a reaction to environ-

mental factors (French et al., 2009). An emerging discipline such as

human ecological immunology can help us to understand how ecologi-

cal and social factors affect and reshape our immune system (McDade

2003, 2005; McDade et al., 2010; Trotter et al., 2011).

For example, due to its correlation with social and behavioral fac-

tors, it was proposed that PD could be used as a model to study psy-

chosomatic interactions with and effects on chronic inflammation

(Breivik et al., 1996; LeResche and Dworkin, 2002). Interestingly, a clin-

ical study on the correlation between PD and leprosy in a Japanese

population showed that the prevalence of PD and the degree of peri-

odontal pocket depth were significantly higher in leprosy patients (LL;

Ohyama et al., 2010). The authors of this study linked the low cellular

response detected in LL with an increased progression of PD. How-

ever, the bone loss associated with PD is commonly associated with an

increased inflammatory response and not the other way around (Borch

et al., 2010; Page, 1991; Seymour and Gemmell, 2001). Ohyama et al.

(2010) addressed this issue and concluded that the evidence regarding

which immune response (Th1 or Th2) predominates is still inconclusive.
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In addition, in leprosy patients that showed lesions in their hands, man-

ual oral care could have been compromised affecting the progress and

severity of PD due to poor oral hygiene. It was observed that differen-

ces in care services between leprosaria could affect the progress of the

disease and its impact on PD (Ohyama et al., 2010). Overall, the

authors concluded that the immune responses against oral pathogens

such as P. gingivalis were more likely to be induced by TL patients,

showing that LL patients had a poorer periodontal health than TL

patients.

However, the biological plasticity of the immune system plus social

factors can lead to opposite results. Susceptibility to and the clinical

manifestation of leprosy have roots in social and cultural factors that

affect overall health and immunity (White and Franco-Paredes, 2015);

consequently, different populations potentially represent different

immunological scenarios. Moreover, skeletal remains from cemeteries

associated with hospitals, infirmaries, or poor houses could be strongly

biased as a result of selective or differential mortality (Connell et al.,

2012). We recognize that our experimental protocols do not consider

the systemic (whole organism) immune competence, whereas osteolog-

ical analysis deals with markers that reflect not only a clinical snapshot

(at death) but the interaction of different co-founding factors over a

life time. Nevertheless, while the in vitro analysis cannot be taken in

isolation to make any final conclusion, it could provide a good proxy

for pathogen and immune cells interaction. Therefore, we propose a

model (Figure 7) for the integration of experimental data with osteolog-

ical analysis. We recommend that future studies should include more

than one osteological marker to evaluate systemic inflammation (as

well as exploring dissimilar cemetery populations). For example, while

not considered pathognomonic of leprosy, a higher prevalence of peri-

ostitis (subperiosteal new bone formation) was observed in leprosy

skeletons when compared with non-leprosy skeletons from St. James

and St. Mary Magdalene hospital at Chichester (Lewis et al., 1995).

Two potential scenarios emerge here (we do not consider these mutu-

ally exclusive): new bone formation as a process secondary to infec-

tions from untreated wounds on the hands and feet, as suggested by

Lewis and colleagues; or increased susceptibility to inflammation as

proposed in our hypothesis.

In our multifactorial model (Figure 7), we must consider different

scenarios. For example, during latent infection, a potential balance of

both inflammatory and anti-inflammatory factors can be generated.

Further, in addition to biological factors, social and ecological factors

can also affect this balance to produce the final impact on the immune

competence of individuals (Crespo and Lawrenz, 2014)

Interestingly, Wilbur and colleagues (2008) explored the interac-

tion of diet and immune function in TB, presenting different expecta-

tions or categories for immune competence of an individual and the

FIGURE 7 Proposed multifactorial model to integrate the expected hyperinflammatory phenotype (HIP) observed in vitro in TB or leprosy,
and the expected bone loss in PD; considering different level of cellular immunity and the potential role of social and ecological factors on
immune competence
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progress of TB infection based on protein and iron status (Wilbur et al.,

2008). The analysis by Wilbur and colleagues contributes to an under-

standing of how delicate and dynamic the pathogen-host interaction is,

and how social and environmental factors can influence disease pro-

gress and susceptibility.

As proposed by different researchers, the skeletal expression of

TB (as well as leprosy) within and among individuals involves a complex

interplay between the host and the pathogen (Klaus et al., 2010; Stone

et al., 2009; Wilbur et al., 2008). Mycobacteria infection can dissemi-

nate beyond the primary site of infection involving hematopoietic mar-

row and the lymphatic system of bone, affecting bone cell function

(Klaus et al., 2010). Three cells are normally involved in the daily

remodeling of the living skeleton: osteoblasts, osteocytes, and osteo-

clasts (Ragsdale and Lehmer, 2012). Although no other cells types

directly modify bone structure, we must consider how other cells such

as activated immune cells can influence bone phenotype (Klaus, 2014;

Klaus et al., 2010). Consequently, another emerging discipline, osteoim-

munology (Arron and Choi, 2000; Takayanagi, 2007), can facilitate dia-

logue between experimental immunology and bioarchaeology, as local

and chronic inflammatory microenvironments can generate systemic

inflammatory shifts and have unexpected systemic consequences.

Traditionally, in most bioarchaeological studies, inflammatory proc-

esses were correctly studied at the local level. However, evidence is

building that we need to understand the unexpected systemic conse-

quences of local inflammatory processes (Clarke, 2014; Stelekati and

Wherry, 2012; Straub, 2011). That is, a local inflammatory microenvir-

onment can impact distant systems or tissues. Along with PD (as pro-

posed in this article), other skeletal markers for stress or disease, such

as periostitis, criba orbitalia, or porotic hyperostosis, can help us to

reconstruct what could be called a “skeletal inflammatory index.” Bio-

archaeology has a unique and challenging opportunity to help with

such a reconstruction.

5 | CONCLUSION

In vitro exposure of human immune cells (PBMCs) to M. leprae or

M. tuberculosis lysate causes an immunological shift affecting the

expression of key pro-inflammatory cytokines such as TNFa and IFNg.

This shift also impacts the expression of those cytokines when the

same cells (or using sp from the same cells) are subsequently exposed

to oral pathogen P. gingivalis lysate. Interestingly, while not significant,

sex differences were detected in the expression of TNFa and IFNg. By

extrapolating these in vitro findings, we hypothesize that a systemic

inflammatory shift could be generated by chronic leprosy or TB, affect-

ing other inflammatory processes such the one commonly observed in

PD. This proposed correlation should be analyzed when scoring leprosy

or TB and PD in skeletal remains. Moreover, we propose that the pres-

ence and severity of PD should be explored as a proxy for inflamma-

tory status or competence when reconstructing the health profile in

past populations. Finally, one of the main contributions of this article is

to produce a novel dialogue regarding the integration of experimental

immunology with bioarchaeology, which, as far as we know, has not

been done before. We suggest that in vitro analyses can give us a good

starting point. However, as humans do not live in an “immunological

vacuum,” bioarchaeological reconstructions will allow for a more com-

prehensive analysis and provide insights regarding how different fac-

tors could have affected variation in immune competence of

individuals within and between populations.
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GLOSSARY

Bacterial lysates: Preparations of bacterial cells or sub-cellular

materials, containing uncharacterized bacterial components. Usually,

the preparation is produced by bacterial sonication or boiling.

Cluster of differentiation (CD): In immunology, it refers to a subset

of cells that are identified by cellular membrane receptors, and usually

identifies a cell type and a specific stage of cell differentiation.

Cytokine: Usually refers to hormone-like proteins that act as mes-

sengers that facilitate communication between cells of the immune

system (Sompayrac, 2008).

Immune competence: In this paper, immune competence repre-

sents the capacity of an individual to generate an appropriate immune

response involving innate or acquired mechanisms.

Interleukin: The term “interleukin” stands for the chemical way

that different leukocytes communicate with each other. It is now rec-

ognized that many interleukins can also communicate with other non-

immune cells (Abbas and Lichtman, 2005).

Interferon gamma (IFNc): IFNg is a crucial cytokine that mediates

cell immunity against intracellular microbes. The term interferon

derives from the ability of these molecules to interfere with the infec-

tion (Abbas and Lichtman, 2005).

Peripheral blood mononuclear cells (PBMCs): It groups all blood

cells that have round nucleus, such as lymphocytes and monocytes.

Tumor necrosis factor alpha (TNFa): TNFa was originally identi-

fied and named after a molecule that within specific experimental con-

ditions caused the necrosis of tumors in vivo. Today, TNFa is

considered the principal mediator involved in most acute inflammatory

responses in response to most gram negative bacteria (Abbas and

Lichtman, 2005).
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