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1 Extended tuberculosis background

Infection occurs when Mycobacterium tuberculosis (Mtb) is inhaled and is not immediately
cleared by the alveolar macrophages within lungs (the site of infection). Mtb prevents its digestion
within macrophages and replicates slowly within phagosomes (>12 hour doubling time) until
infected macrophages burst. These newly released Mtb are again phagocytosed by recruited
macrophages, and this process repeats until at approximately 3-4 weeks post infection, when the
adaptive immune system responds. Once effector T-cells arrive to the host's lungs and activate
macrophages, they can efficiently kill Mtb. Granulomas, solid cellular immune structures that form
in the lungs result from this infection process, have distinct regions: an inner, hypoxic, necrotic
core comprising dead macrophages, neutrophils, and nonreplicating Mtb; a viable cellular zone
where a battle is waged between Mtb (both intracellular within macrophages and neutrophils and
extracellular) and a lymphocytic (T-cell) cuff. Granulomas do an excellent job containing
infection, with most sterilizing or controlling bacteria to low levels (1, 2). Occasionally, Mtb will
be carried from granulomas, seeding new granulomas, a process known as dissemination.

Each granuloma has its own infection progression trajectory, with more than half of granulomas
sterilizing in a given host even if that host is experiencing active infection (1, 2). Even so, a single
granuloma that cannot contain infection can result in severe infection (active infection) for the host
and lead to death if not treated. Hosts that control the number of Mtb within granulomas at lower
levels have clinically latent TB and can remain in this state (and potentially undiagnosed) for
decades. However, if any of these granulomas later fail to contain the infection, e.g., due to
immunosuppression, reactive TB is the result (3). We use total lung CFU counts at time of
necropsy from four untreated NHPs with no noted comorbidities, from studies by JoAnne Flynn
(4-7): 219740, 692813, 423300, and 57755 CFU, respectively. Each of these NHPs had to be
necropsied before the study end time and are used to define the "active infection" threshold for
classifying virtual patients, and so we use the median CFU value of 321520 to define our cutoff
for active Mtb infection in virtual hosts. Our model is flexible to include any value for this
threshold.

Host-scale dynamics (which hosts will clear, control, or suffer active disease) are heterogeneous
within a population. This population scale heterogeneity may be influence by various factors. For
example, a susceptibility mutation in HLA-DR2 makes populations more susceptible to disease
(8). Additionally, lack of access to proper nutrition, clean water, or good sanitary practices may
each increase population susceptibility. Finally, treatment protocols and vaccine campaigns at
population scales can vary greatly by populations (1, 9, 10). To understand host infection
progression and treatment, it is imperative to study TB at multiple scales, and elucidate how small-
scale interactions influence large-scale findings (Figure 1).



2 Single host simulation framework, HostSim, updates and calibration
2.1 Model updates

We expanded the functionality of HostSim in the present work in four ways: (1) inclusion of caseum within each of the
multiple granulomas reflected in HostSim, (ii) inclusion of non-replicating bacteria within the caseum (Figure 2 B), and
(ii1) adding a carrying capacity for extracellular bacteria within each granuloma. Finally, (iv) we include the ability to study
drug treatment in HostSim.

When primates are infected with Mtb and granulomas form, dead cellular matter develops within the center of these
structures due to cell death and killing. Bacteria can be trapped in this necrotic region, allowing them to survive for decades
in a non-replicating state. The presence of caseum also makes treatment penetration within granulomas more difficult as
drugs don't diffuse easily into this necrotic area (11, 12) We have newly included the formation of caseum within HostSim
granulomas (Figure 2). Caseum is generated by the death of macrophages (which cell type also serve as a proxy for
neutrophils, because we do not model them explicitly in HostSim). In HostSim, the number (N) of dead macrophages

creates | unit of caseum. We allow this to vary between granulomas. The equation for caseum is given by:
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where the terms, in order, represent the distinct contribution of death of different immune cells to
caseum: [1] bursting of infected macrophages, [2] T-cell induced apoptosis of infected macrophages,
[3] TNF-induced apoptosis of infected macrophages, [4] cytotoxic T-cell induced apoptosis of infected
macrophages, [5] cytotoxic T-cell mediated apoptosis of infected macrophages, and [6-8] natural death
of infected, activated, and resting macrophages. Once this dead tissue appears within a granuloma it
will not be cleared except very slowly by activated macrophages acting as a proxy for neutrophil
behavior.

Now that we have included caseum within granulomas, we also allow for bacteria to become trapped
within that region. Since Mtb are non-motile, once they are within the caseum compartment they will
remain there. Dead tissue is hypoxic, and while the bacteria do not die within that region, they are also



not able to grow and divide. We refer to these as non-replicating Mtb. Non-replicating Mtb are
generated when Mtb are growing within infected macrophages and a macrophage is killed or bursts, it
releases bacteria into the surrounding tissue. Since a macrophage has died, it will contribute to caseum,
and a portion of the released bacterial load, Cy, will be trapped within caseum. By calibration, we note
that calibration of Cy to experimental accounts for the fact that not all macrophages are near the
caseum. The non-replicating bacteria equation is:
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where the terms, in order, represent non-replicating bacteria (1) fraction emerging from burst infected
macrophages, (2-3) fraction emerging from infected macrophages dying via (2) T-cell or (3) TNF-
induced apoptosis, (4) fraction emerging from naturally dying macrophages; (5) the natural death of
non-replicating bacteria; and (6) non-replicating bacteria being exposed and becoming extracellular
bacteria as a result of caseum clearance. The portion of the bacteria that survive to become trapped in
caseum is affected by the mode of macrophage death. Parameters Nf,qcq, Neraces and Nppqcq capture

this heterogeneity of bacteria survival based on mode of death (13).

To use HostSim to study drug treatment and vaccines, we updated our treatment of bacterial growth
and our representation of extracellular Mtb B. We updated Mtb growth from an exponential form to
a logistic form, now given by the replication term a,oBg (1 — B;/10°) replacing a,oBg. We included
this to better capture the carrying capacity of individual granulomas (as we have done in GranSim, (14-
17)), which have rarely been measured as containing more than 10¢ CFUs (4-7). We also have included
a source of extracellular Mtb, B that are derived from the By that may be revealed by clean-up of
caseum by cells such as neutrophils or once a macrophage bursts it may release the bacteria into
extracellular spaces (18-21). A full listing of HostSim equations and parameters is given in
Supplementary Material 2.

2.2 Calibration criteria for granuloma and host scale parameters

Experimental criteria: total Mth CFU, macrophages, and T-cells per granuloma. We make our
assumptions based on NHP data. For example, each granuloma typically has no more than 10® Mtb
CFU. We assume this cap at any given time after day 90 of infection. Similarly, we use cell counts of
macrophages and T-cells present within each granuloma at the time of necropsy from NHP data (4-7).
Simulations in the ‘pass set’ were within one order of magnitude of total macrophage and total T-cell
counts, shown in Supplementary Figure 1 A. In a similar way, we also ensured that the ratio of T-cells
to macrophages in each granuloma lay strictly within the ratios observed from our experimental data
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set (4-7). Supplementary Figure 1 B shows resultant Mtb over time in HostSim compared to
experimental data from NHPs (4-7).

Synthetic criteria: caseum volume, macrophage ratios, and Mtb ratios. We use our fine-grained hybrid
agent-based model of single granuloma formation, GranSim (14-17), as a source of heuristic objectives
in the absence of direct experimental data. In other words, we use our own synthetic data for calibrating
caseum and other quantities not measurable from presently-available data. Since GranSim has been
calibrated to a variety of temporal and spatial data over time with NHP data, we believe that using it
to provide synthetic data is reasonable. The data we used includes several ratios of resting to activated
macrophages, intracellular-to-extracellular Mtb, and the volume of the caseum within granulomas.

To calibrate the amount of caseum in simulations, we first converted GranSim units of caseum to
HostSim units of caseum by comparing the number of dead macrophages required to create caseum.
This value is uniformly between 12 and 18 in GranSim (caseum in GranSim is described in (14)), and
we represent this by using the average of 15 in the current work. In HostSim, this value is 1/Ny, the
caseation factor. We convert GranSim to HostSim caseum as:

[ GranSim Caseum] / [ HostSim Caseum] = Cy/15(= N;/15).

HostSim counts of non-replicating bacteria By were low compared to those observed within GranSim.
We believe that this is because a main source of By in GranSim is from extracellular bacteria being
trapped in forming caseum from nearby macrophages dying, which is more fine-grained and not
represented in this iteration of HostSim.

In the LNs, previous calibration matched simulated and experimental levels of CD4" and CD8" total
T-cell count, effector memory T-cell count, central memory cell count, and effector cell count (22).
Having updated our LN calibration using our older parameter ranges as a starting point, our blood and
lymph node T-cell populations still agree with blood data from the JoAnne Flynn lab (4-7), shown in
Supplementary Figure 1 C-D.

3 Model visualization

We plot the time-series for all variables in the model. However, we want a visualization framework
that allows us to compare to data obtained from NHP PET-CT scans. We developed several updated
visualizations of HostSim in Figure 2 C and Supplementary Videos 1 and 2 by obtaining a 3D
triangulated mesh representing both an NHP lung surface and a NHP body from experimental data (see
Figure 2 C). We randomly assign granulomas forming within HostSim locations within the volume of
the right lobe of the lung. This mimics actual infection when bacteria are inhaled into the lungs, and a
unique granuloma forms in response to each individual bacterial seed (23). We give locally
disseminating granulomas nearby point in space and nonlocally disseminating granulomas a random
point within the lung volume. As granulomas develop in HostSim, the evolution of their state variables
and various downstream metadata are recorded, e.g., total CFU count from summing By, B;, and By.
We render granulomas at each point in time along with the triangulated meshes in ParaView after
conversion of the data to VTK file formats. This allows us to render the granulomas in space with
variable data-defined size and color via visualization tools available in ParaView (24). The sizes of the
granulomas in our visualizations are proportional to their predicted volume, as discussed in SI.

3.1  Spatially tracking granulomas within lungs



We require HostSim to make predictions of the PET-CT scans of virtual hosts to compare with these
data derived in NHP hosts. PET-CT scans of NHPs and humans yield “hot spots™ corresponding to
BF-fluorodeoxyglucose (FDG) avidity that are known to be measures of metabolic activity, and one of
the only measures of granuloma activity in live TB hosts (25, 26). FDG avidity data are one of the few
modes of TB data that can be measured as time-series data in living TB hosts, the others being blood
T-cell counts and sputum samples. The cell species whose metabolic activity primarily drives FDG
avidity hot-spots are unknown, but recent unpublished data suggest that activated cells contribute
(personal communication Joshua Matilla, University of Pittsburgh). If we hypothesize a set of relative
cell-species contributions to FDG avidity, we can use HostSim to test FDG avidity predictions by
calculating a weighted sum of cell counts. In granulomas, we calculate our prediction as:

Granuloma FDG avidity = wyMR + w,MI + wsMA + w,T0 + wsTE + wTEM [S1]

where Mg, M;, and M, are resting, infected, and activated macrophages; and T, T, and Tg), are CD3"
precursor, effector, and effector memory T-cells, respectively. The weights we’ve chosen for each cell
speciesare w; = 1, w, =5, ws =6, w, = 2, ws = 4, and wg = 3, consistent with our assumption
that active immune cells (e.g. M, and TE) are more metabolically active than their resting or non-
differentiated counterparts. Other weights can easily be chosen to either fit data as they become
available, or to test hypotheses of proposed drivers of FDG avidity. We have an analogous computation
in the lymph node compartment, given by the following:

Lymph Node FDG avidity = w;APC + w,T0 + w;TE + w,TEM, [S2]

where APC is the number of antigen presenting cells, and the notation for T-cells is the same as for
granulomas. Here, we set our weights as wy; =3, w, = 2, w; =4 and w, = 3.

In part to make a more accurate rendering of hosts, we predict the size of granulomas within HostSim.
Since granulomas are generally spherical in experiments (with some deviation depending on
dissemination events and noise), we calculate HostSim geometry by assuming the granuloma is
spherical, and caseum forms a smaller sphere at the center of the granuloma. Granuloma volume is
computed as

Granuloma Volume = Vi, 2 (#M® + N¢ - Ca) + Vi, X #CFU + Ve 2 #CD3* Cells .

For the first term, we assume that caseum volume comes chiefly from dead macrophages (recall that N¢
dead macrophages make one unit of caseum in a granuloma). We use spherical volume to obtain the
values Viyae = 4/3m(21pm)3, Vieen = 4/3m(6um)3; and cylindrical volume to get Vi, =
1m(0.345um)? - (2.71pm).

3.2 PRCC results of FDG avidity predictions that can be compared to other impact
quantifications

The specific immunological events that promote PET-CT FDG avidity intensities in situ are not well-
understood. With HostSim, we are able to investigate on a granular level the mechanistic drivers, given
a proposed FDG avidity equation (see Methods). That is, given a hypothesis of the cell species that are
indicated by PET-CT scans, we are able to determine what parameters (and processes) are correlated
with higher FDG avidity values. We may also interrogate the biological merit of any choice of weights
w; which prescribes the relative influence of specific cell types over FDG avidity. When applying this
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to our method for proposed FDG avidity expressions [1-2], we are able to isolate 14 of our 201 varied
parameters that significantly impacted FDG avidity values, shown in Supplementary Table 1. Broadly
speaking, we see that faster Mtb uptake into macrophages, faster macrophage recruitment, and longer-
lived infected macrophages increase FDG avidity. We also see that faster differentiation of T-cells into
their effector states increases FDG avidity values.

4  Supplementary figures and tables
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Supplementary Figure 1: Host scale and Granuloma scale outputs within HostSim. (A) Ratio of
T-cells to macrophages over time in 13 granulomas from a single virtual host are shown in curves.
Circles show ratios obtained from prior work (4-7). (B) Total granuloma CFU over time are shown as
curves for each primary granuloma in 500 virtual patients that did not sterilize by 400 days post-
infection. NHP data are shown as black dots (4-7). Green circles along the horizontal axis represent
granulomas that sterilized at that time; larger circles indicate more granulomas sterilizing on that day.
(C-D) Validation: model blood concentrations of (C) CD4" and (D) CD8" T-cell concentrations across
time, compared to NHP data from (4-7). The solid lines are the median T-cell concentrations for each
cell type, and the shaded region indicates the 1st and 99th percentile for concentrations among 500
virtual hosts for each cell type.



Supplementary Figure 2: HostSim states for a single virtual host with clinically latent TB. (A)
Latent host granuloma-scale dynamics. Each Note that an individual granuloma has a sharp downturn
in immune responses once it sterilizes, but even with one infected granuloma remaining at day 400
post-infection this virtual host remains latently infected. (B) Latent host lymph node T-cell counts.
APCs are required for clonal selection to upregulate Mtb-specific CD4" and CD8" T-cells. (C) Latent
host T-cell blood concentrations. (B-C) N indicates the naive cell type, P indicates Precursor cell type,
E indicates Effector cell type, CM indicates Central Memory cell type, and EM indicates Effector
Memory cell type.
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Supplementary Table 1: Statistically significant PRCC results for FDG avidity predictions at
the granuloma and host scales over time. Indicated parameters have PRCC shown as positively
or negatively correlated with FDG avidity after day 100 in with p < 0.05.

Parameter Description

PRCC trend for FDG-
avidity prediction

Granuloma-scale FDG avidity PRCC results

In-macrophage carrying capacity of Mtb +
Resting macrophage infection rate +
Precursor CD8:T-cell proliferation rate in the lymph nodes +
TNF-a mediated recruitment rate of macrophages +
Michaelis-Menten  half-saturation of TNF-a dependent -
recruitment of primed CD4-T-cells

Michaelis-Menten half-saturation of Mtb uptake into macrophages -

LN-scale FDG avidity PRCC results

Precursor CD4-T-cell proliferation rate in the lymph nodes +
Precursor CD8:T-cell proliferation rate in the lymph nodes +
Michaelis-Menten half-saturation of CD4-T-cell differentiation +

Michaelis-Menten half-saturation of CD4-T-cell proliferation

Precursor-to-effector CD4- T-cell differentiation rate

Precursor-to-effector CD8: T-cell differentiation rate
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