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Abstract

Although almost a third of the world’s population is infected with the bacterial pathogen 

Mycobacterium tuberculosis (Mtb), our understanding of the functions of many immune factors 

involved in fighting infection is limited. Determining the role of the immunosuppressive cytokine 

interleukin-10 (IL-10) at the level of the granuloma has proven difficult due to lesional 

heterogeneity and the limitations of animal models. Here we take an in silico approach and, 

through a series of virtual experiments, we predict several novel roles for IL-10 in TB granulomas: 

(1) decreased levels of IL-10 lead to increased numbers of sterile lesions, but at the cost of early 

increased caseation, (2) small increases in early antimicrobial activity cause this increased lesion 

sterility, (3) IL-10 produced by activated macrophages is a major mediator of early antimicrobial 

activity and early host-induced caseation and (4) increasing levels of infected macrophage derived 

IL-10 promotes bacterial persistence by limiting the early antimicrobial response and preventing 

lesion sterilization. Our findings, currently only accessible using an in silico approach, suggest 

that IL-10 at the individual granuloma scale is a critical regulator of lesion outcome. These 

predictions suggest IL-10 related mechanisms that could be used as adjunctive therapies during 

TB.

Introduction

Tuberculosis (TB), a deadly infectious disease caused by the bacterium Mycobacterium 

tuberculosis (Mtb), results in 1–2 million deaths per year (1). Control of the TB epidemic is 

limited by a complicated drug regimen, development of antibiotic resistance, and the lack of 
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an effective vaccine against infection and disease. Understanding the complex host response 

to Mtb is essential for developing new and improved strategies to fight infection. 

Granulomas, organized collections of immune cells and bacteria that form in lungs and other 

organs, are an essential feature of the immune response to Mtb and serve as the central site 

of host-pathogen interaction. Cytokines are critical to coordinating an effective yet 

controlled immune response to Mtb within a granuloma. Human and animal models have 

demonstrated that the pro-inflammatory cytokines tumor necrosis factor-α (TNF) and 

interferon-γ (IFN-γ) are essential to the host-response against Mtb; however, other cytokines 

also participate in the response (1–3). Our focus here is on the anti-inflammatory cytokine 

interleukin-10 (IL-10), whose role in Mtb infection remains unclear.

IL-10 functions by inhibiting cytokine/chemokine production, preventing cellular apoptosis/

necrosis, and altering macrophage activation phenotype (2, 4–6). IL-10 is produced by a 

spectrum of immune cells during infection, including macrophages, T-cells, and neutrophils 

(7). Macrophages are a primary source of IL-10 during Mtb infection, and activated 

macrophage derived IL-10 may function to limit host-induced tissue damage (2, 8–10). Mtb-

infected macrophages produce IL-10 when toll-like receptors and other pattern recognition 

receptors interact with Mtb-derived lipids and other molecules (1, 11–16). HN-878 and CH 

strains of Mtb induce greater production of IL-10 from macrophages than the lab strain 

H37Rv, and thus may be linked to increased pathogen virulence (1). T cells, including 

CD4+, CD8+, and regulatory T cells, can also produce large quantities of IL-10 and may 

contribute to control of immunity (17–22). However, these cells can co-produce pro- and 

anti-inflammatory cytokines. For instance, CD4+ T cell clones from human bronchoalveolar 

lavage fluid with active TB primarily produced interferon-γ and IL-10 upon re-stimulation 

(23, 24). Recently, neutrophils have been identified as a source of IL-10, although 

production rates in vivo are uncharacterized; studies have shown neutrophils can produce 

IL-10 when stimulated with Mtb antigens, but can also function to stimulate IL-10 

production from macrophages (25–27). Due to the spectrum of cellular sources it has been 

difficult to determine in experimental systems the primary sources of IL-10 in a granuloma 

and its main functional role.

IL-10 may dampen the strength of the immune response to Mtb, minimizing lung damage 

and pathology (1, 7, 8, 28). A central feature of many TB granulomas is an acellular core of 

caseous necrosis (3, 29). Caseous necrosis provides the opportunity for airway erosion and 

can lead to calcification and fibrosis of lesions, both highly damaging to host lung tissue 

(29). However, caseation can also lead to a low oxygen environment that is limiting to Mtb 

replication (30). Both host-immunity and pathogenic mechanisms, including Mtb-induced 

macrophage bursting, TNFR1-induced apoptosis/necrosis, Fas ligand-induced cell death, 

perforin/granulysin from cytotoxic T cells, reactive nitrogen/oxygen species (RNS and ROS) 

produced within macrophages, and neutrophil infiltration and death can contribute to 

caseous necrosis. However, the contribution of neutrophils to outcome at the individual 

granuloma scale, particularly for primate granulomas, remains incomplete (29, 31–36). 

IL-10 has been shown to limit macrophage apoptosis/necrosis in the context of Mtb 

infection, but how that translates to prevention of caseation is still unclear (6, 29, 31, 34, 36–

44).
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Most in vivo investigations into the role of IL-10 during Mtb infection have been performed 

in murine models. However, studies using Il10−/− mice have shown contradicting results. 

Initial reports demonstrated no difference in bacterial load, while more recent studies have 

shown increased inflammatory responses and reduced bacterial burdens in both lungs and 

spleen (1, 45, 46). Additionally, some reports indicated reduction in bacterial load was 

associated with increased pathology and inflammatory cytokine production (28). Transgenic 

mice that overexpress IL-10 have significantly higher bacterial loads that normal mice (47, 

48). Abrogation of IL-10 signaling in the CBA/J murine model using anti-IL-10R antibodies 

reduced bacterial burdens in the lungs and enhanced host inflammatory-responses (1, 45). 

Taken together, these results lend insight into the role of IL-10 during the immune response 

to Mtb, however murine models of TB lack many characteristics of human lesions, including 

the ability to recapitulate a truly latent state of infection, characteristics of granuloma 

organization including caseation, and the spectrum of cell types producing IL-10 (49–51). 

The murine model of Mtb infection is progressive with bacterial levels and dynamics 

inconsistent with human and non-human primate infections (52). Therefore, conclusions 

drawn about the influence of IL-10 on bacterial load in the murine model may not be 

reflective of TB in humans and need to be further tested. In addition, studies of the effects of 

IL-10 on bacterial loads at a single granuloma scale have not been performed in the murine 

model of TB.

The non-human primate (NHP) model recapitulates the course and character of human TB 

disease. Recent studies in the NHP model of Mtb infection have indicated large variability 

among lesions within a single host; however, we have a limited understanding of what host 

factors (such as IL-10 levels) drive the observed variability (52). Genomes (chromosomal 

equivalents, or CEQ, i.e. total chromosomal DNA in lesions) from non-viable Mtb degrade 

very slowly in lesions (estimated at maximum of ~4% per day), and thus measuring CEQ 

using PCR on a housekeeping gene provides an estimate of total bacterial burden (both 

viable and dead bacteria) in a lesion. The ratio of colony-forming units (CFU, i.e. viable 

bacteria) to CEQ reflects antimicrobial activity at the individual lesion scale (52). In lesions 

from macaques with either active or latent infection, the killing capacity of the immune 

response is similar at the individual granuloma scale, with a significant number of sterile 

lesions (a lesion with no detectable bacteria) existing in both outcomes. This heterogeneity 

at the lesional scale makes it difficult to identify predictors of disease outcome, but is critical 

to recapitulating the immune response in humans.

Although the NHP model of TB is the most representative experimental model of human 

TB, studies investigating the role of IL-10 during Mtb infection have not yet been reported. 

Thus, additional work is needed to elaborate the role of IL-10 and mechanisms of its action 

during Mtb infection. Therefore, we use an in silico approach to investigate the role of IL-10 

in controlling antimicrobial activity, lesional sterility, and caseation during Mtb infection. 

We utilize our hybrid agent-based model (GranSim), which includes IL-10 receptor-ligand 

scale dynamics, to predict mechanisms regarding how IL-10 dynamics control infection 

outcome at the individual granuloma scale (8). We first update and validate GranSim based 

on new data on CFU trajectories from the NHP model of TB (52). We then use GranSim to 

probe the role of IL-10 at the individual granuloma scale by performing virtual IL-10 
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knockouts, temporal virtual IL-10 knockouts, cell-specific IL-10 knockouts, and 

perturbations of IL-10 production rates. We ask: (1) What are the effects of IL-10 at the 

level of a single granuloma and do they change over time? (2) Does IL-10 have a significant 

affect on bacterial burden, likelihood of lesion sterilization, or caseation levels? (3) Which 

cells are the primary sources of IL-10 in a granuloma? (4) Do Mtb strains that induce greater 

IL-10 production prevent antimicrobial activity?

Methods

Overview

We recently developed a new version of GranSim, a hybrid agent-based model (ABM) of 

Mtb infection, that incorporates IL-10 and TNF dynamics across multiple temporal and 

spatial scales (8, 53, 54). We are now able to calibrate our model with new data derived 

from an NHP model of TB infection on CFU per lesion (52, 55–57). We subsequently 

validate the model by comparing model predictions of bacterial doubling time against 

measured values in the NHP model and perform virtual deletions (TNF and IFN-γ) of 

previously identified essential mediators (52, 58, 59). As this model now incorporates 

detailed descriptions of both IL-10/IL-10R and TNF/TNFR-associated molecular 

interactions and a representation of Mtb dynamics similar to humans, it is poised to predict 

the role of IL-10 and mechanisms driving its effects at a single granuloma scale. We 

perform virtual experiments that are currently difficult or infeasible in animal models of TB, 

including cessation of IL-10 production from individual and specific cell types and tracking 

the temporal dynamics of sterile lesions. Furthermore, we explore the effects of increased 

production of IL-10 derived from infected macrophages. Details for these virtual 

experiments are given below.

Hybrid Multi-Scale Agent Based Model of Mtb Infection

Our multi-scale ABM of Mtb infection, GranSim, describes immune processes over three 

different scales: tissue, cellular, and molecular (8, 53, 54). Briefly, at the tissue and cellular 

scale, GranSim includes macrophages and T-cells (agents), each with multiple states. 

Macrophages can be resting, infected, chronically infected, or activated macrophages, and 

T-cells can be pro-inflammatory, cytotoxic, or regulatory. Included in the model are three 

bacterial sub-populations: intracellular Mtb, extracellular Mtb, and non-replicating Mtb. The 

agents and bacterial population interactions are described by a well-defined set of rules and 

interactions between immune cells and Mtb in the lung and can be found in (8, 53, 54). At 

the molecular scale we capture receptor-ligand binding and trafficking, as well as the 

secretion, diffusion, and degradation of the cytokines IL-10 and TNF. We assume IL-10 and 

TNF binding and internalization directly modulate cellular processes, such as down 

regulation of TNF production (see (8) for a full model description). We model the cellular 

sources of IL-10 as: infected macrophages, activated macrophages, and a proportion of 

effector and cytotoxic and regulatory T-cells. As the functionality of neutrophils is still 

unclear and the production rate of IL-10 still uncharacterized we do not explicitly model 

neutrophil IL-10 production (25–27). We link molecular scale events to cellular and tissue 

scale events by allowing dynamics within each scale to influence behavior on other scales 

(e.g. TNF-induced apoptosis/necrosis) (8). The ABM is two dimensional (2D) and 

Cilfone et al. Page 4

J Immunol. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



represents a 4 mm2 cross-section of lung tissue. Infecting a single macrophage with Mtb 

leads to the development of ~1 mm diameter lesions, which falls into the range of individual 

granuloma sizes observed in the NHP model (1–5mm) of TB (55, 57). The ABM can 

reproduce larger lesion sizes by simulating a larger cross-section of lung tissue (e.g. 16 

mm2) (unpublished data). A key feature of our ABM is the flexibility to include data as they 

become available; therefore we update some GranSim rules to better reflect current 

biological knowledge of the immune response to Mtb (Supplemental Table I).

Non-Human Primate Infection, Classification, CFU, and CEQ

In previously published work (52, 55–57), 32 healthy cynomolgus macaques (Macaca 

fascicularis) were infected with ~25 CFU of the Erdman strain of Mycobacterium 

tuberculosis via bronchoscopic instillation. Lesions were excised at various time points 

(between 26 and 296 days post-infection) where bacterial burden and chromosomal 

equivalents were measured (Supplemental Table I). Bacterial burden was measured by 

enumeration of colonies (CFU) after 3 weeks of culture on 7H10 agar. Sterile lesions were 

defined as lesions with no detectable colonies after 6 weeks of culture (see (52) for 

justification). Chromosomal equivalents (CEQ) were measured by real-time quantitative 

PCR of isolated Mtb genomic DNA from lesions. Full descriptions of NHP infection and 

data collection methods, as well as the data used in this study, can be found in (52, 55–57).

Calculation of CFU and CEQ

The sum of intracellular Mtb, extracellular Mtb, and non-replicating Mtb is the total bacterial 

burden, and is comparable to CFU in the NHP model of Mtb infection. Thus, we refer to all 

total bacterial burden measurements generated by GranSim as CFU. Since CFU data 

collected in the NHP model of TB are from whole lesions, we scale our 2D model-generated 

CFU results to 3D to allow for direct comparison. For the scaling, we calculate the minimum 

radius of a granuloma sphere that encompasses the entire CFU population and determine an 

appropriate 2D to 3D scaling factor. Scaled CFU data is only shown when comparing to 

NHP data. We measure CEQ in GranSim by tracking each bacterial division. For simplicity, 

we assume no degradation of CEQ in the lesion (52). The ratio CFU/CEQ reflects the degree 

of killing, with smaller values reflecting a more efficient bactericidal response.

Calculated Measures of Inflammation and Tissue Damage

In this work, we report TNF concentration (pg/mL) as a general biomarker of inflammation 

in a granuloma. We calculate average TNF concentrations by summing soluble TNF in all 

compartments contained within the lesion and converting to a concentration using the 

volume of a 2D grid compartment (assuming a uniform depth of the 2D simulation 

environment of one compartment; similar to a planar sheet). GranSim measures caseous 

necrosis as a proxy for tissue damage by monitoring levels of infected macrophage bursting, 

Fas/FasL killing by T cells, perforin/granulysin killing by cytotoxic T cells, activated 

macrophage death (high levels of ROS/RNS), and TNF-induced apoptosis/necrosis within 

each grid compartment. GranSim considers TNF-induced apoptosis/necrosis to be a general 

process of induced cell-death and does not differentiate between apoptosis, necrosis, 

necroptosis, or apoptotic necrosis, thus TNF-induced cell death contributes to caseous 
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necrosis (29, 31). Although this is not a perfect measure of tissue damage, caseous necrosis 

results as a consequence of infection and inflammation can be detrimental to host tissues. A 

grid compartment is classified as caseous necrotic when the number of aforementioned 

events passes a threshold defined by a model parameter (Supplemental Table I), the idea 

being that after a certain number of these events occur, the tissue in that compartment is 

likely to become caseous necrotic (8, 53, 54). We also use two previously established 

measures by our group to examine tissue damage: the ratio of infected macrophage 

apoptosis/necrosis to healthy macrophage apoptosis/necrosis, Rapoptosis, and a modified 

version of the Host-Pathogen Index (H.P.I), which is a combined metric of CFU and healthy 

macrophage apoptosis/necrosis scaled between zero and one (8, 54). These latter measures 

are examined fully in the Supplementary Figures.

Calculation of Instantaneous Mtb Doubling Time

We calculate an instantaneous doubling time of Mtb by assuming that during the first 20 

days of infection bacteria are able to replicate freely following an exponential growth curve 

(52). Thus, the instantaneous doubling time (td) is calculated by:

(1)

Here, t is the time point of interest post-infection and CEQ(t) is the CEQ at the time point of 

interest post-infection. Comparisons of doubling times beyond the onset of the adaptive 

immunity (~25–35 days post-infection) cannot be drawn since the CFU and CEQ curves do 

not follow classical exponential growth due to host bactericidal processes (52).

Classification of Lesions

We classify simulated lesions at 200 days post-infection into 2 outcomes at the granuloma 

scale: sterile lesions, and non-sterile lesions (60). Non-sterile lesions are defined as lesions 

that have a non-zero CFU at 200 days post-infection. Non-sterile lesions can be split into 

two types: controlled growth or uncontrolled growth. Controlled growth is defined as robust 

control of Mtb within a lesion with CFU (<104 CFU) levels comparable to lesions in the 

NHP model of TB (52, 55, 61, 62). Uncontrolled growth is defined by an immune response 

incapable of limiting the growth of Mtb in a lesion. In the NHP model of TB, this 

corresponds to lesions that either split into multiple lesions or disseminate. The pathogen is 

able to replicate freely and the CFU is well above levels in the controlled growth outcome 

(>104 CFU). Sterile lesions are defined as the complete removal of live Mtb in the lesion 

(zero CFU) at any time post inoculum. The classification of a lesion at day 200 is used for 

any previous time points where data is separated by outcome (e.g., a lesion that becomes 

sterile at day 150 is always counted in the sterile category).

Virtual Deletion of IL-10 (Complete Il10−/−)

It has been shown in vivo that there are multiple cellular sources of IL-10 in primates, 

therefore we included in the model the following cell types producing IL-10: infected 

macrophages, chronically infected macrophages, activated macrophages, and regulatory T-
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cells (8). We simulate virtual IL-10 deletions that mimic an experimental Il10−/− phenotype 

by setting IL-10 synthesis by all cell-types to zero at the beginning of a simulation and 

simulating 200 days of infection. We report: CFU/lesion at 200 days post-infection, 

CFU/CEQ at 25, 50, 100, and 200 days post-infection, TNF concentrations at 25, 35, 45, 55, 

100, and 200 days post-infection, and caseous necrosis per lesion at 25, 35, 45, 55, 100, and 

200 days post-infection. In addition, we perform IL-10 knockouts after lesions form in 

response to Mtb by setting IL-10 synthesis by all cell-types to zero at 25, 50, 75, and 100 

days post-infection. An advantage of our in silico approach is that we can analyze sterile 

granulomas from WT simulations compared to sterile granulomas from IL-10 deletion 

simulations. We report the fraction of infected macrophages that undergo induced cell-death, 

fraction of resting macrophages that become NFκB activated, the number of macrophages 

that have been exposed to Mtb, and CFU/lesion at day 45 post-infection. We then create an 

IL-10 deletion parameter set that has reduced rates of NFκB activation and TNF-induced 

apoptosis (termed IL-10 K/O Low Apop/Act) in order to determine the mechanisms 

underlying processes leading to lesion sterilization.

Virtual Transgenic IL-10

We perform virtual IL-10 transgenic experiments by increasing or decreasing the IL-10 

production rate of each cellular source of IL-10 individually. Rates from 1/5 to 5 times the 

normal production rate are tested, with production from all cell types changed by the same 

factor. We then simulate 200 days of infection post inoculum. We report CFU/lesion and 

CFU/CEQ at 200 days post-infection, while TNF concentrations are reported at 35 days 

post-infection and the number of caseous necrosis compartments per lesion is reported at 50 

days post-infection. In addition, we calculate the fraction of bacterial populations 

(intracellular, extracellular, non-replicating) in non-sterile granulomas at 200 days post-

infection. We chose these time points of interest based on insights we derived from the 

virtual deletion of IL-10.

Virtual Deletion of Cell-Specific IL-10 Sources

We perform virtual IL-10 deletions of specific cellular sources by setting IL-10 production 

from those cells to zero at the beginning of a simulation. Three cell-specific IL-10 deletions 

are examined: infected macrophage Il10−/− (combined deletion of infected macrophages and 

chronically infected macrophages), activated macrophage Il10−/−, and regulatory T-cell 

Il10−/−. We then simulate 200 days of infection post inoculum. We report: CFU/lesion at 

200 days post-infection, CFU/CEQ at 25, 50, 100, and 200 days post-infection, TNF 

concentrations at 50 and 100 days post-infection, and caseous necrosis per lesion at 50 and 

100 days post-infection.

Virtual Variability in Mtb Strain Induced IL-10

Multiple clonal lineages of Mtb have evolved over the long course of its existence (13). 

Each of these lineages has significant inter-strain variability in levels of induction of IL-10 

in macrophages (11–15). In our model, when a macrophage becomes infected with Mtb it 

begins synthesizing IL-10 at a specific rate. We modulate the synthesis rate of IL-10 from 

infected macrophages (10-fold reduction to 1000-fold increase from its baseline level), 
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while keeping the rates of IL-10 synthesis from activated macrophages and regulatory T 

cells identical (at baseline rates). In addition, this allows us to also explore indirectly the 

effects of neutrophils as they have been shown to increase production of IL-10 from infected 

macrophages (25–27). We then simulate 200 days of infection post inoculum. Changes in 

infected macrophage IL-10 synthesis rate are reflected in the fractional synthesis rate (fMi), 

which is defined as:

(2)

Here, rMi is the infected macrophage IL-10 synthesis rate, rMa is the activated macrophage 

IL-10 synthesis rate, and rTr is the regulatory T cell IL-10 synthesis rate. We report: 

percentage of IL-10 derived from infected macrophages, CFU/lesion, CFU/CEQ, number of 

activated macrophages, and number of infected macrophages at 200 days post-infection.

Uncertainty and Sensitivity Analysis

Uncertainty and sensitivity analysis is used to identify IL-10 model parameters that have 

significant effects on model outputs. We use Latin hypercube sampling (LHS) to 

simultaneously vary multiple model parameters and sample the parameter space (63). Partial 

rank correlation coefficients (PRCCs) quantify the effects of varying each parameter on non-

linear outputs, where a PRCC of −1 represents a perfect negative correlation and a PRCC of 

+1 represents a perfect positive correlation. PRCCs are differentiated based on a students t-

test to indicate significance. In this work we generate 250 unique parameter sets, each of 

which are replicated four times, yielding 1000 simulations. Average values of model outputs 

(e.g. CFU, CFU/CEQ) are used to calculate PRCC and p-values.

Computational Platform

Our ABM is constructed using the C++ programming language, Boost libraries (distributed 

under the Boost Software License – www.boost.org), and the Qt framework for visualization 

(distributed under GPL – www.qt.digia.com). The ABM is cross-platform (Macintosh, 

Windows, Unix) and can be run with or without our visualization software. Simulations 

were performed on the Flux computing cluster, provided by Advanced Research Computing 

at the University of Michigan, and OS X based multi-core personal computers (Intel Quad 

Core i7 Apple Macbook Pro). Data manipulation was carried out in MATLAB R2012a 

(Natick, MA). Plots and statistical tests were created using GraphPad Prism 6 (La Jolla, 

CA).

Results

Model Calibration and Validation with Non-Human Primate (NHP) Data

We first calibrate our model with new CFU per lesion data from the NHP model of TB. We 

utilize a data set derived from 32 NHPs in which CFU per lesion data has been collected 

between 28 and 296 days post-infection (52, 55–57, 62). Each NHP has 3–37 lesions with 

non-sterile lesions containing ~10 to ~106 CFU per lesion. We re-calibrated our previously 

published version of GranSim, by varying multiple model parameters (Supplemental Table 
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I) in order to best fit the temporal median CFU per lesion data (8). Sterile lesions were 

excluded from both the NHP-derived data set and the model-generated data set during model 

calibration of median CFU to minimize effects on median CFU of non-sterile lesions. We 

identify a baseline parameter set (hereafter noted as the wild type, WT, parameter set) that 

replicates the peak median NHP CFU per lesion data at day 28 and leads to robust control of 

median CFU per lesion beyond 100 days post-infection (Fig. 1A, 1C). The percentage of 

model-generated sterile lesions at 200 days post-infection (~15–30%, N=100) is consistent 

with the number of sterile lesions observed in NHPs (~33%, N=476) (52). Simulated lesions 

are able to recapitulate histological observations from NHP lesions, wherein infected 

macrophages and caseation that are located primarily in the core of the lesion are surrounded 

by an outer cuff of healthy macrophages and a peripheral cuff predominantly comprised of 

lymphocytes (55, 64, 65). The cellular spatial configuration of the lesion is emergent 

behavior that arises as a consequence of the model rules.

We validate our WT parameter set against two data sets: (1) instantaneous bacterial doubling 

times calculated from CEQ in the NHP model of TB and (2) deletion of TNF and IFN-γ. 

Comparison of instantaneous Mtb doubling times between simulated (Eqn. 1) and NHP 

lesions show good agreement, with the median simulated doubling times falling within the 

min-max range of NHP doubling times for both 10 and 20 days post-infection (Table I) (52). 

We then simulate virtual deletions of TNF and IFN-γ at the initialization of infection. 

Observations in the NHP and murine models of TB have indicated that removal of TNF 

causes lesions to function poorly, leading to elevated bacterial loads and dissemination (58, 

66). Similarly, removal of IFN-γ causes extensive tissue damage with an immune response 

that is unable to restrict bacterial growth (59). TNF and IFN-γ virtual deletions show an 

approximately 1000-fold increased in median CFU per lesion (Fig. 1B) with large, 

disseminating lesions in the TNF deletion (Fig. 1D) and extensive tissue damage in the IFN-

γ deletion (Fig. 1E). These simulations mark the first time a computational model of Mtb 

infection has been calibrated and validated with temporal CFU data and apparent Mtb 

doubling times from the NHP model, a model with bacterial dynamics and clinical 

classifications comparable to human Mtb infection (52, 55, 64). We are now in a unique 

position to use our model to predict the role of IL-10 in modulating antimicrobial activity, 

host-induced caseation, and lesion sterility.

Prediction 1: Reduced Bacterial Loads in Simulated IL-10 Knockouts are Due to Increased 
Sterilization of Lesions

In order to understand the role of IL-10 during Mtb infection at the individual granuloma 

scale, we simulated a virtual IL-10 deletion (referred to as IL-10 K/O) at the initialization of 

infection. We analyze model outputs for differing virtual lesion outcomes (sterile vs. non-

sterile) in both WT and IL-10 K/O lesions to better understand factors driving infection 

outcome. Strikingly, we observed an ~2-fold increase in the number of sterile lesions in the 

simulated IL-10K/O as compared to WT (Fig. 2A). Mean CFU per lesion at day 200 was 

reduced ~1.75-fold when both sterile and non-sterile lesions are considered together; 

however, mean CFU per lesion was unchanged in IL-10 K/O non-sterile lesions compared to 

WT non-sterile lesions. Therefore, we predict that reduced CFU in the virtual IL-10 K/O is 

due to an increased number of sterile lesions and not a reduction in CFU in every lesion. The 
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frequency of sterilization of individual granulomas is likely a determining factor in infection 

outcome (active vs. latent TB) therefore IL-10 may be a key regulator of clinical outcome.

We next simulated virtual IL-10 deletions beginning at days 25, 50, 75, and 100 post-

infection. We observed a transient increase in the number of sterile lesions (Fig. 2B) with a 

7-fold increase when IL-10 is removed at day 25 post-infection and smaller increase in 

sterile lesions when IL-10 was deleted at later time points. Thus, the predicted increase in 

sterile lesions upon deletion of IL-10 is a transient phenomenon that mainly occurs during 

the early immune response to Mtb.

Prediction 2: IL-10 Controls the Early Immune Response to Mtb at a Lesional Scale

To better understand the role of IL-10 during the early immune response, we examined 

simulated lesions up to 200 days post infection. Peak CFU (~103-104) and CEQ (~104) were 

comparable between simulated WT and IL-10 K/O lesions, occurring 4 weeks post-infection 

(Supplemental Fig. S1). Mean CFU/CEQ is ~2-fold lower for simulated IL-10 K/O lesions 

at days 50, 100, and 200 post infection, indicating increased antimicrobial activity 

(Supplemental Fig. S1). However, when sterile and non-sterile simulated IL-10 K/O lesions 

are analyzed separately, it becomes apparent that the observed increase in antimicrobial 

activity is transient in both populations. Sterile lesions and non-sterile lesions have lower 

CFU/CEQ at day 50, compared to WT lesions (~4-fold vs. ~1.75-fold) with no differences 

in CFU/CEQ levels in non-sterile lesions after day 50 (Fig. 2C). In simulated IL-10 KOs, 

increased antimicrobial activity is coupled to an increased early inflammatory response and 

increased caseation, with elevated levels of TNF at days 35 and 45 (Fig. 2D) and an ~1.2–

1.5-fold increase in caseous necrosis at day 45 and 55 (Fig. 2E). These results indicate that 

increases in antimicrobial activity due to virtual IL-10 deletion occur mainly during the early 

immune response, helping promote sterilization at the cost of early caesous necrosis. As 

infection progresses, the levels of caseous necrosis stabilize as healing and tissue remodeling 

can occur. Total CFU in the lesion declines to significantly lower values than in the early 

stages of infection and less antimicrobial activity is necessary (Fig. 1B). Taken together, our 

simulations predict that IL-10 transiently restricts early antimicrobial activity, limiting host-

inflammation-induced caseation in individual lesions and preventing lesion sterilization 

(Supplemental Fig. S1).

Prediction 3: Increased Sterilization of Lesions in IL-10 Deletions is a Result of Small 
Differences in Antimicrobial Activity of the Early Immune Response

An advantage of our computational model as compared to experimental systems is that we 

can track the entire time course of individual lesions. Unlike experimental systems, where it 

can be difficult to determine what antimicrobial processes lead to sterilization of a lesion is 

difficult, our model tracks how the immune response changes within a granuloma from 

infection initiation to sterilization. Therefore, we sought to understand what immune 

mechanisms contribute to the increased percentage of sterile lesions in our virtual IL-10 

deletion simulations. We compared antimicrobial mechanisms (i.e. macrophage NFκB 

activation and induced cell-death of infected macrophages) between simulated WT and 

IL-10 K/O sterile lesions at 45 days post-infection, when the antimicrobial response is the 

strongest. In this scenario, we observe small, yet significant, differences in the fraction of 
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infected macrophages that undergo apoptosis (6% increase in IL-10 K/O sterile lesions) and 

the fraction of NFκB+ macrophages present (15% increase in IL-10 K/O sterile lesions) 

(Fig. 3A). These small increases in antimicrobial activity limit healthy macrophage exposure 

to Mtb, which prevents the bacteria from residing in the intracellular niche where it is more 

difficult to kill. The mean bacterial load is significantly lower in IL-10 K/O lesions, 27 CFU 

vs. 48 CFU. Therefore, we predict that small increases in antimicrobial mechanisms lead to 

increased sterilization in IL-10 knockouts.

In order to verify that increases in antimicrobial mechanisms were causing the increased 

frequency of sterile lesions, we created an IL-10 KO parameter set with reduced rates of 

NFκB activation (decreased by 6%) and TNF-induced apoptosis (decreased by 15%). Using 

this parameter set, the percentage of sterile lesions at 200 days post-infection returns to WT 

levels (Fig. 3B). Therefore, our model predicts that the mechanism driving increased 

frequency of sterile lesions in the simulated IL-10 K/O is a result of small increases in 

antimicrobial mechanisms, which limits exposure of macrophages to bacteria (Fig. 3A), 

preventing infection of new macrophages and allowing activated macrophages to kill 

extracellular bacteria.

Prediction 4: Modulating Total IL-10 Concentrations Demonstrates Control of 
Antimicrobial Activity and Host-Immunity Derived Caseation

Our predictions above suggest that modulating concentrations of IL-10 might be a 

successful way to increase sterilization of lesions. To test this, we modulated the total 

concentration of IL-10 within a lesion (see Methods). An advantage of our modeling 

approach is the ability to finely control levels of IL-10 in lesions, which proves difficult in 

experimental systems. We perform virtual transgenic simulations by increasing or 

decreasing the synthesis rate of IL-10 simultaneously in all cell populations (5-fold 

reduction to 5-fold increase in small increments). A 5-fold increase in total IL-10 production 

rate increases the mean CFU per lesion at day 200 from ~300 to ~10,000 (shifting lesion 

classification from controlled growth to uncontrolled growth), while a 5-fold decrease in 

IL-10 production rate decreases the mean CFU per lesion to ~50 (Fig. 4A). As IL-10 

production increases, no sterile lesions are observed; decreasing total IL-10 production leads 

to an eventual ~9-fold increase in the number of sterile lesions (chi-squared trend test, 

p<0.0001) (Fig. 4A). CFU/CEQ at day 200 is correlated with IL-10 levels (Fig. 4B), while 

levels of TNF at day 35 (Fig. 4C) and caseous necrosis at day 50 (Fig. 4D) are inversely 

correlated with IL-10 levels.

We also predict that changing levels of IL-10 production induces bacterial populations to 

change within lesions that do not sterilize (Fig. 4E). At 200 days post-infection, non-sterile 

lesions with reduced IL-10 production have increased caseous necrosis and thus a larger 

fraction of Mtb are present in a non-replicating state (Fig. 4E). Taken together, our model 

predicts that small reductions in IL-10 production rates can lead to increased frequency of 

sterile lesions; however, the remaining lesions are more difficult to sterilize (and most likely 

treat with antibiotics) as the bacterial populations shift to mainly non-replicating states.
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Prediction 5: Activated Macrophage Derived IL-10 is Necessary to Control Antimicrobial 
Activity and Caseation in Simulated Granulomas

To determine whether a specific cellular source of IL-10 is most responsible for controlling 

antimicrobial activity and tissue caseation, we performed individual virtual deletions for 

each cellular source of IL-10 (activated macrophages, infected macrophages, and regulatory 

T cells). Deletion of activated-macrophage derived IL-10 causes the most significant change 

to bacterial loads, decreasing the mean CFU per lesion to ~50 CFU and increasing the 

number of sterile lesions ~8-fold (Fig. 5A). This is accompanied by a ~9-fold reduction in 

mean CFU/CEQ at day 50, indicating control over early antimicrobial activity (Fig. 5B). 

TNF is significantly elevated only at day 50 in both non-sterile and sterile lesions (Fig. 5C). 

In non-sterile lesions, caseous necrosis is increased ~1.4-fold at day 50, while sterile lesions 

show a ~1.6-fold increase in caseous necrosis at day 50 (Fig. 5D). Deletion of infected 

macrophage derived IL-10 leads to only a small decrease in CFU per lesion and a small 

increase in number of sterile lesions (Fig. 5A). Similarly, the mean CFU/CEQ is only 

reduced by ~1.2-fold at day 100 (Fig. 5B). TNF and caseous necrosis levels are not 

significantly different in both non-sterile and sterile lesions (Fig. 5D). Finally, deletion of 

regulatory T-cell derived IL-10 does not significantly change the mean CFU per lesion, 

average TNF levels, and caseous necrosis levels, but marginally increases the mean 

CFU/CEQ at day 50 (Fig. 5). These results suggest that activated macrophage production of 

IL-10 is primarily responsible for effectively controlling the antimicrobial activity of the 

immune response to infection while limiting the amount of host-induced caseation 

(Supplemental Fig. S2).

Prediction 6: Increased Infected Macrophage Derived IL-10 Can Shift Control of the Early 
Immune Response from Host to Pathogen

Some strains of Mtb can induce greater production of IL-10 from macrophages, which may 

have evolved as an efficient strategy to limit bacterial sterilization (1). Furthermore, 

neutrophils may play a key role in dictating increased levels of IL-10 production from 

infected macrophages (25–27). Although infected macrophage IL-10 production appears to 

have limited control over antimicrobial activity, production rates of IL-10 from both 

activated and infected macrophages are positively correlated with CFU per lesion and 

CFU/CEQ at day 50 and 200 (see sensitivity analysis in Supplemental Table II). Therefore, 

we tested how increased production of IL-10 from infected macrophages might undermine 

host control of antimicrobial activity and promote pathogen persistence.

As the fractional synthesis rate of IL-10 from infected macrophages (Eqn. 2) is increased, 

there is a linear increase in the percentage of IL-10 in the lesion that is derived from infected 

macrophages (Pearson’s r = 0.9265, p < 0.0001) (Fig. 6A). In contrast, CFU per lesion, 

CFU/CEQ, and macrophage populations respond to increased IL-10 synthesis by infected 

macrophages in a highly non-linear fashion. We predict multiple regimes of IL-10 control 

over antimicrobial activity labeled as Regions 1–3 (Fig. 6B–D). In Region 1 (low IL-10 

synthesis rate), there is host-control where activated macrophages are the dominant 

population producing IL-10 leading to an efficient antimicrobial response and control of 

CFU per lesion. In Region 2 (intermediate IL-10 synthesis rate), there is a transitional 

response wherein activated macrophages are the dominant population producing IL-10, but 
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production of IL-10 from infected macrophages is decreasing antimicrobial activity, causing 

a rise in CFU per lesion. In Region 3 (high IL-10 synthesis rate), there is pathogen-control 

where infected macrophages (which are much less efficient killers than activated 

macrophages) are the dominant cell type producing IL-10 and antimicrobial activity is 

reduced ~10-fold at day 50 and 0 to 10-fold at day 200 (Fig. 6C). Reduction of antimicrobial 

activity causes the mean CFU per lesion at day 200 to increase ~100-fold (from lesions 

classified as controlled growth to uncontrolled growth) and the dominant macrophage 

population to switch from activated macrophages to infected macrophages (Fig. 6B, 6D). 

The large increase in CFU per lesion at high IL-10 levels may reflect a transition towards an 

outcome similar to TB pneumonia, where limited antimicrobial activity leads to 

uncontrolled bacterial replication that causes excessive inflammation and accompanying 

gross pathology (52). Together, these findings suggest that increased infected macrophage 

production rates of IL-10 can be an effective bacterial immune-evasion strategy that shifts 

control of antimicrobial activity from the host-immune response to the pathogen-derived 

response, therefore promoting pathogen persistence and survival.

Discussion

Many pro and anti-inflammatory mediators are involved in the host response to Mtb 

infection in the lung. Dissecting the individual roles of each cytokine in an in vivo setting 

that is similar to humans has been difficult. Here, we modify our established computational 

model (GranSim) to probe the role of the anti-inflammatory cytokine IL-10 during the 

immune response to Mtb over time and at an individual granuloma scale. Particular strengths 

of our computational approach include: using a model that has been calibrated and validated 

against temporal bacterial dynamics in the NHP model of TB, the ability to track the 

evolution of and retain the history of individual lesions, and the ability to modulate IL-10 

production in granulomas as both a function of time and from particular cell subpopulations. 

These types of experiments would be difficult or impossible to perform in NHP or other 

experimental models of infection but are necessary to determining IL-10 mechanisms in TB. 

Understanding the complex host-pathogen interactions and immune responses controlled by 

IL-10 will aid in the development of new therapeutics for TB.

We calibrated and validated our established computational model of Mtb infection with 

bacterial dynamic data derived from the NHP model. Peak bacterial loads occur 

approximately 28 days post-infection and are followed by a sudden drop due to the onset of 

host adaptive immunity (Fig. 7A). Our model predicts a number of mechanistic roles for 

IL-10 including: (1) decreased levels of IL-10 lead to increased numbers of sterile lesions, 

but at the cost of early increased host caseation (Fig. 7), (2) small increases in early 

antimicrobial activity cause increased lesion sterility, (3) IL-10 produced by activated 

macrophages is a major mediator of early antimicrobial activity and early host-induced 

caseation and (4) increasing levels of infected macrophage derived IL-10 promotes bacterial 

persistence by limiting the early antimicrobial response and preventing lesion sterilization. It 

is likely that these predicted effects would not be observed in a murine model of Mtb 

infection as bacterial dynamics are significantly different (progressive infection) than those 

in NHPs and humans of which our computational model is based upon (65).
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In humans, IL-10 levels are elevated in the lungs, bronchoalveolar lavage fluid, sputum, and 

serum of patients with active TB (1, 67, 68). Additionally, polymorphisms in IL-10 

associated genes have been linked to increased susceptibility to TB (1). In mice, 

overexpression of IL-10 in macrophages or in entire animals is associated with higher 

bacterial loads in granulomas (47, 48). Recently, investigations in NHP models of TB 

suggest similar antimicrobial activity in lesions of both the active and latent disease state. 

The only significant difference between lesions in differing disease states was a substantially 

increased fraction of sterile lesions per animal in the latent state (52). Our model predicts 

that IL-10 contributes to sterilization on an individual granuloma basis, which suggests that 

IL-10 (and more generally anti-inflammatory mediators) could be a key regulator between 

the clinical outcomes of latent versus active disease by controlling lesional sterility.

Although IL-10 helps control bacterial load after the onset of the host-immune response, an 

inherent carrying capacity may exist in forming granulomas (52). Indeed the maximal 

observed CFU in a NHP model of infection is ~105 per lesion, comparing well with our 

calculations that suggest lesions without host-immunity have a maximal CFU of ~104-106 

per lesion. If antimicrobial activity is not sufficient to sterilize a lesion, the level of IL-10 

controls a bacterial set-point of the lesion, which is the balance between bacterial replication 

and antimicrobial response, with the benefit of reduced tissue caseation than sterilized 

lesions (Fig. 7). The idea of a set-point stems from studies on HIV-1 infection; post peak 

viremia, after host immunity is initiated, the virus is suppressed to a specific level (i.e. the 

set-point) that determines long-term progression to disease (69, 70). We predict that IL-10 

transiently influences antimicrobial activity, controls granuloma outcome (sterile vs. non-

sterile lesions), determines bacterial set-point, and limits the extent of host-induced tissue 

caseation at the lesional scale.

It has long been thought that IL-10 may play a central role in preventing an over-exuberant 

immune response during Mtb infection that leads to tissue damage (1, 7, 10, 28, 71, 72). 

Data from murine models are surprisingly limited, with only a single report of IL-10 K/O 

mice demonstrating increased pulmonary inflammation causing animals to succumb to 

infection earlier than WT mice (28). Using our in silico model we predict that IL-10 controls 

host-immunity induced caseation, especially during the initial burst of antimicrobial 

processes after the onset of adaptive immunity (30–60 days post-infection). Furthermore, we 

predict that increases in lesional sterility, due to increased antimicrobial effects, are at the 

expense of early increased host-induced caseous necrosis (Fig. 7). This is in agreement with 

our previous study, which predicted that the ratio of TNF and IL-10 is a critical mediator of 

infection control with limited host-induced damage (8). Our predictions agree well with the 

balance of damage and host response seen in many forms of disease pathogenesis (40).

Although we approximated tissue damage by measuring levels of caseous necrosis, it is 

important to note that tissue damage in vivo is a much more complicated process attributed 

to a myriad of host processes. We are currently evaluating better measurements of tissue 

damage (e.g. differentiating between apoptosis and necrosis, as well as fibrosis) and 

immunopathology (e.g. neutrophils) that could be added to our model. Because Mtb 

infection can lead to chronic cell death and high levels of caseous necrosis, we anticipate 

that better measurements of tissue damage could point to an even clearer role for IL-10 and 
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help define the mechanisms preventing host-immunity induced tissue damage. In addition, 

our model includes only a simple description of hypoxia, wherein bacteria transition to a 

slowly replicating state in compartments labeled as caseous necrosis. Although this model is 

able to qualitatively replicate a caseous necrotic region in the center of lesions where 

bacteria do not grow, the direct impact of reduced pH and available oxygen on the effects of 

cytokines and bacteria growth are not directly considered. However, due to the location of 

the caseous necrosis at the center of the lesion and the restricted movement of cells (both in 

vivo and in silico) into caseous necrotic compartments, viable immune cells rarely 

accumulate in this region and therefore the effects of decreased oxygen tension and pH on 

the effects of cytokines and cell viability are likely to be minimal. We are currently 

developing a detailed mechanistic description of Mtb growth in response to environmental 

cues such as oxygen and nutrients, which will allow for further characterization of Mtb 

dynamics in caseous necrotic regions.

IL-10 is not the only regulatory and anti-inflammatory cytokine present during infection. It 

has been suggested in murine models that a lack of data indicating a role for IL-10 in 

preventing tissue damage may be due the role of other regulatory mechanisms (such as PD-1 

bearing T cells or TGF-β) (7, 28, 73, 74). Our model indicates that in the absence of IL-10, 

increased caseous necrosis at later stages post-infection (150–300 days) can be partially 

controlled by other regulatory mechanisms included in the model, such as cell-cell contact 

mediated down-regulation by T cells and tissue remodeling (data not shown). Additionally, 

human and macaque lesions can resolve by fibrotic processes that are likely driven by TGF-

β (3). We are currently working on integrating fibrotic pathways into our model to 

understand the basis of fibrosis during TB. This should lead to a deeper understanding of 

how IL-10-based control of early tissue damage may be important in preventing later 

development of fibrosis and scarring in lesions.

The major source of IL-10 identified by our studies is activated macrophages. Although 

regulatory T cells produce IL-10 at twice the rate of activated macrophages in our model, 

there are a limited number of regulatory T cells recruited to the lesion and their localization 

in the periphery restricts effectiveness of their specific IL-10 production. IL-10 production 

may not only be a host-derived protective mechanism, but a pathogen-evolved bactericidal 

evasion mechanism. In many chronic infection scenarios (both viral and bacterial) 

pathogenic IL-10 induction can be used to dull the efficacy of the immune response (1, 7, 

75). Specifically, in TB infection the Mtb clinical strains HN878 and CH have been shown 

to induce increased levels of IL-10 production from infected macrophages that could help 

establish a state of chronic infection (1, 11–16). Additionally, increased IL-10 levels in 

human patients are correlated with poor outcomes of TB infection (67, 68, 76, 77). Using 

our computational model we predicted that high levels of IL-10 derived from infected 

macrophages promotes pathogen persistence by limiting antimicrobial activity of the early 

immune response to Mtb. Reduction of antimicrobial activity increases the chances that a 

healthy macrophage will engulf Mtb (promoting pathogen persistence), while allowing the 

pathogen to survive in its intracellular niche by preventing cellular apoptosis/necrosis (75). 

These mechanisms prevent lesions from sterilizing and increase the bacterial set-point at the 

late stages of infection (Fig. 7A). Furthermore, we show that a switch in lesional control 
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occurs at high levels of IL-10 derived from infected macrophages (Fig. 6) where the ability 

of activated macrophages to use IL-10 as a regulatory mechanism for host protection 

(prevention of host-induced caseation) is lost and the pathogen is able to repurpose IL-10 as 

a mechanism of persistence (‘immune-evasion’).

A limitation of the current study is that neutrophils are not included in this model, as their 

contributions to pathology or protection are not clearly understood (78). Neutrophils are 

present in TB granulomas, however in the vast majority of lesions neutrophil populations are 

lower than both T cells and macrophages (1, 78). Neutrophils can produce IL-10 in response 

to mycobacterial stimulation and neutrophil infiltration has been associated with poor TB 

outcomes (25, 26, 79) (J. Mattila, J. Flynn – unpublished data). Although neutrophils are 

different cells with a distinct gene and protease expression profile than macrophages, from a 

modeling perspective where these differences in genes and proteases are not considered, 

neutrophils would function in a manner similar to macrophages: engaging in phagocytic 

activities, providing an intracellular niche for Mtb growth, and producing IL-10 upon 

appropriate stimulation (26, 27, 80–82). Based on our prediction that increased IL-10 

production from infected macrophages limits the early antimicrobial immune response, 

parallels could be considered for neutrophil IL-10 production. Therefore, many questions 

could be addressed by a future version of our model that incorporates an accurate 

description of neutrophils: How do neutrophils contribute to caseous necrosis? What stimuli 

induce neutrophil IL-10 expression? Does IL-10 production by neutrophils limit or promote 

caseous necrosis? Although neutrophils and neutrophil-related processes have been 

clinically correlated with poor TB outcomes, much of the existing data on neutrophil 

behavior (e.g. cytokine production rates, phagocytotic rates, free radical production rates) 

come from murine models of TB, which may not be reflective of what occurs in humans and 

NHPs. Our group is currently gathering experimental data regarding neutrophils in the NHP 

model of TB in order to accurately describe neutrophils in a next-generation computational 

model.

Our computational platform has allowed us to understand the role of IL-10 in controlling the 

trade-off between antimicrobial activity of the early immune response to Mtb, lesional 

sterility, and host-immunity derived tissue caseation. Our unique multi-scale computational 

platform used in parallel with experimental models provides an integrated systems biology 

approach to better understand the complex immune response to Mtb, which will allow us to 

rapidly hypothesize and test novel therapeutic interventions. For instance, our simulations of 

IL-10 depletion or decreased rates of IL-10 secretion suggest that novel IL-10 focused 

treatment strategies (e.g. anti-IL10R antibodies) may be effective if properly timed during 

the adaptive immune response to promote lesional sterility. Furthermore, modulating IL-10 

levels in the context of other important immune molecules (e.g. TNF or IFN-γ) could prove 

to be beneficial in controlling lesion outcome, but have yet to be explored (83–85). 

Unfortunately, these strategies may lack clinical relevance in humans because the short 

window where IL-10 treatments could be effective is at odds with the long-time-to-diagnosis 

in clinics. Thus, our predictions further underscore the importance of early events in 

infection and the need for developing novel diagnostics to facilitate early diagnosis and 

intervention in Mtb infection.
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Figure 1. Model validation of simulated lesions
A. Comparison of scaled CFU per lesion between best-fit WT simulated lesions (N = 25) 

(52) (median – solid line, min/max – dashed lines) and NHP data collected between 28 and 

296 days post-infection (N = 32) (median – filled circles, min/max – error bars). B. 

Comparison of scaled CFU per lesion for simulated lesions of TNF-α (median – light grey 

line, min/max – dashed light grey lines) and IFN-γ (median – dark grey line, min/max – 

dashed dark grey lines) deletions compared to WT simulated lesions (median – solid black 

line, min/max – dashed black lines) (N = 20). C. Snapshot of a WT lesion at 200 days post-

infection. D. Snapshot of a TNF-α deletion lesion at 200 days post-infection. E. Snapshot of 

an IFN-γ deletion lesion at 200 days post-infection. Total scaled CFU for each lesion is 

indicated in the upper corner. Snapshot legend colors as follows: resting macrophages 

(green), infected macrophages (orange), chronically infected macrophage (red), activated 

macrophage (dark blue), pro-inflammatory T cell (pink), cytotoxic T cell (purple), 

regulatory T cell (aqua), extracellular bacteria (brown), and caseation (cross-hatch). These 

same colors are used for all subsequent images.
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Figure 2. Virtual IL-10 deletions demonstrate control of the early immune response leads to 
increased sterilization of lesions
A. CFU for WT and IL-10 deletion (IL-10 K/O) lesions at 200 days post-infection. 

Individual circles and squares represent individual lesions. Lines indicate mean values. 

Percent of lesions becoming sterile by 200 days (out of 100 simulations) is indicated. B. 

CFU for WT and IL-10 deletions starting at days 25, 50, 75, and 100 post-infection (IL-10 

K/O). Individual circles and squares represent individual lesions. Lines indicate mean 

values. Percent of lesions becoming sterile by 200 days (out of 100 simulations) is indicated. 

C. CFU/CEQ for outcome-specific WT and IL-10 K/O lesions. Outcomes are grouped as 
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non-sterile or sterile. Individual circles represent individual lesions. Lines indicate mean 

values. D–E. Average lesion TNF-α concentration and caseation for WT (black bars) and 

IL-10 K/O (grey bars) lesions. Caseation is measured by the number of grid sites affected. 

Non-sterile lesions are displayed as solid bars and sterile lesions are displayed as striped 

bars. Bars are representative of mean values with error bars showing SEM. For all panels, 

comparisons are made between the same granuloma classifications (e.g. non-sterile vs. non-

sterile): * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, N = 100 for A, C–E). N = 

50 for B.
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Figure 3. Comparison of simulated lesions that become sterile for WT and IL-10 deletions
A. Apoptotic fraction of infected macrophages, fraction of NFκB activated resting 

macrophages, number of macrophages exposed to Mtb, and CFU per lesion at 45 days post-

infection for WT (black bars) and IL-10 K/O (grey bars) granulomas. B. CFU for WT, IL-10 

K/O, and IL-10 K/O Low Apop/Act (decreased rates of apoptosis and NFκB activation) 

lesions at 200 days post-infection. Individual dots represent individual lesions. Lines 

indicate the mean values. Percentage of lesions becoming sterile by 200 days is indicated. 

Bars are representative of mean values with error bars showing SEM. For all panels: * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, N = 100 for WT and IL-10 K/O 

simulations. N = 20 for IL-10 K/O Low Apop/Act simulations.
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Figure 4. Simulations changing total levels of IL-10 production demonstrate control of bacterial 
set-point, outcome, and tissue damage
A. CFU comparisons for differing levels of total IL-10 production (5-fold reduction to 5-

fold increase) at 200 days post-infection. The percentage indicates the number of sterile 

lesions at 200 days post-infection (chi-squared trend test, p<0.0001). B. CFU/CEQ 

comparisons for differing levels of total IL-10 production (5-fold reduction to 5-fold 

increase) at 200 days post-infection. C. Average lesion TNF-α concentration for differing 

levels of total IL-10 production (5-fold reduction to 5-fold increase) at 35 days post-

infection. D. Average amounts of caseation for differing levels of total IL-10 production (5-
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fold reduction to 5-fold increase) at 50 days post-infection. E. Fractions of bacterial 

populations in non-sterile lesions for differing levels of total IL-10 production (5-fold 

reduction shown by a minus sign to 5-fold increase) at 200 days post-infection. Individual 

dots represent individual lesions. Lines indicate the mean values. For all panels: Pearson 

correlation coefficients (r) and p-values (p) were calculated to determine the significance of 

observed trends.
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Figure 5. Virtual deletion of specific cellular sources of IL-10
A. CFU for WT, IL-10 K/O, activated macrophage IL-10 deletion (Ma IL-10 K/O), infected 

macrophage IL-10 deletion (Mi IL-10 K/O), regulatory T cell IL-10 deletion (Tr IL-10 K/O) 

lesions at 200 days post-infection. Both sterile and non-sterile lesions are included. The 

percentage indicates the number of sterile lesions at 200 days post-infection. B. CFU/CEQ 

for WT, IL-10 K/O, Ma IL-10 K/O, Mi IL-10 K/O, Tr IL-10 K/O lesions at 200 days post-

infection. Both sterile and non-sterile lesions are included. C. Average TNF-α concentration 

for WT, Ma IL-10 K/O (Ma), Mi IL-10 K/O (Mi), Tr IL-10 K/O (Tr) lesions. Non-sterile 

lesions are displayed as solid bars and sterile lesions are displayed as striped bars. D. 

Caseous necrosis for WT, Ma IL-10 K/O (Ma), Mi IL-10 K/O (Mi), Tr IL-10 K/O (Tr) 

lesions. Non-sterile lesions are displayed as solid bars and sterile lesions are displayed as 

striped bars. Individual dots represent individual lesions. Lines indicate the mean values. 

Bars are representative of mean values with error bars showing SEM. For all panels: * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, N = 100.
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Figure 6. Infected macrophage derived IL-10 can undermine host-control of antimicrobial 
activity
A. Simulated percentage of IL-10 in the lesion at 200 days post-infection that is derived 

from infected macrophage IL-10 production is highly linearly correlated with infected 

macrophage IL-10 fractional synthesis (fMi) (Pearson’s r = 0.9265, p < 0.0001). B. 

Simulated response in CFU at 200 days post-infection for varying levels of infected 

macrophage IL-10 fractional synthesis (fMi). C. Simulated response in CFU/CEQ at 200 

days post-infection for varying levels of infected macrophage IL-10 fractional synthesis 

(fMi). D. Simulated response in macrophage populations at 200 days post-infection 

(activated macrophages – black circles, infected macrophages – grey squares) for varying 

levels of infected macrophage IL-10 fractional synthesis (fMi). For all panels: Region 1 

(defined from fractional synthesis rates (fMi) of ~0.002 to ~0.05) represents the region where 

IL-10 is under the control of the host-response. Region 2 (defined from factional synthesis 

rates (fMi) of ~0.05 to ~0.2) represents the region of transitioning control of the IL-10 

response. Region 3 (defined from factional synthesis rates (fMi) of ~0.2 to ~1.0) represents 

the region where IL-10 is under the control of the pathogen. Individual open dots represent 
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individual lesions. Solid dots indicate the mean values with error bars showing SEM. N = 

20.

Cilfone et al. Page 30

J Immunol. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. IL-10 controls sterility, bacterial set-point, and caseation on a per lesion basis
A. IL-10 control of bacterial dynamics in a lesion over time. B. IL-10 control of caseation in 

a lesion over time. The host antimicrobial response is controlled by IL-10. In non-sterile 

lesions, control antimicrobial responses by IL-10 leads to a bacterial set-point that balances 

bacterial replication with bactericidal processes, with minor caseation. Reducing IL-10 leads 

to increased antimicrobial responses, which promotes the lesion to sterilize at the cost of 

increased caseation. Lesions that sterilize may begin to resolve at later stages of infection 

(thus the downward slope of caseation), yet this could lead to fibrosis or scarring.
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Table I

Median Instantaneous Mtb Doubling Times in Individual Lesions

Time (days post infection) NHP Doubling Time* (1/days) Model Doubling Time+ (1/days)

10 1.83 (1.59 – 2.18) 1.73 (1.62 – 2.09)

20 1.87 (1.76 – 2.20) 2.09 (1.99 – 2.29)

Parentheses represent the minimum and maximum calculated doubling time for both NHP (N = 32) and ABM data (N = 100) sets

*
Instantaneous doubling times estimated using median CEQ per lesion as defined in (52)

+
Instantaneous doubling times estimated using CEQ per lesion and an exponential growth model defined from t(0) to t(t)
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