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Abstract (Limit 300 words)

Human T-lymphotropic virus type-1 (HTLV-1) persists within hosts via infectious
spread (de novo infection) and mitotic spread (infected cell proliferation), creating a
population structure of multiple clones (infected cell populations with identical genomic
proviral integration sites). The relative contributions of infectious and mitotic spread to
HTLV-1 persistence are unknown, and will determine the efficacy of different

approaches to treatment.

The prevailing view is that infectious spread is negligible in HTLV-1 proviral load
maintenance beyond early infection. However, in light of recent high-throughput data
on the abundance of HTLV-1 clones, and recent estimates of HTLV-1 clonal diversity
that are substantially higher than previously thought (typically between 10* and 10°
HTLV-1* T cell clones in the body of an asymptomatic carrier or patient with

HAM/TSP), ongoing infectious spread during chronic infection remains possible.

We estimate the ratio of infectious to mitotic spread using a hybrid model of
deterministic and stochastic processes, fitted to previously published HTLV-1 clonal
diversity estimates. We investigate the robustness of our estimates using two
alternative methods. We find that, contrary to previous belief, infectious spread
persists during chronic infection, even after HTLV-1 proviral load has reached its set
point, and we estimate that between 100 and 200 new HTLV-1 clones are created and

killed every day. We find broad agreement between all three methods.

The risk of HTLV-1-associated malignancy and inflammatory disease is strongly
correlated with proviral load, which in turn is correlated with the number of HTLV-1-
infected clones, which are created by de novo infection. Our results therefore imply

that suppression of de novo infection may reduce the risk of malignant transformation.
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Author Summary (Limits 150-200 words)

There are no effective antiretroviral treatments against Human T-lymphotropic virus
type-1 (HTLV-1), which causes a range of inflammatory diseases and the aggressive
malignancy Adult T-cell Leukaemia/Lymphoma (ATL) in approximately 10% of
infected people. Within hosts the virus spreads via infectious spread (de novo
infection) and mitotic spread (infected cell division). The relative contributions of each
mechanism are unknown, and have major implications for drug development and
clinical management of infection. We estimate the ratio of infectious to mitotic spread
during the infection’s chronic phase using three methods. Each method indicates
infectious spread at low but persistent levels after proviral load has reached set point,
contrary to the prevailing view that infectious spread features in early infection only.
Risk of disease in HTLV-1 infection is known to increase with proviral load, via
mutations accrued from repeated infected cell division. Our analyses suggest that
ongoing infectious spread may provide an additional mechanism whereby chronic
infection becomes malignant. Further, because antiretroviral drugs against Human
Immunodeficiency Virus (HIV) inhibit HTLV-1 infectious spread, they may reduce the

risk of HTLV-1 malignancy.
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Introduction

Human T-lymphotropic virus type-1 (HTLV-1), also known as the human T cell
leukaemia virus, infects an estimated 10 million people worldwide [1]. While the
majority of infected individuals remain lifelong asymptomatic carriers (ACs), in ~10%
the virus causes either Adult T-cell Leukaemia/Lymphoma (ATL) [2] or a range of
inflammatory diseases, notably a disease of the central nervous system called HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) [3]. HTLV-1 viral
burden is quantified by the proviral load (PVL), defined as the number of HTLV-1
proviruses per 100 peripheral blood mononuclear cells (PBMCs). During the chronic
phase of infection, PVL remains approximately constant [4, 5] within each host, but
varies between hosts by over four orders of magnitude; a high PVL is associated with

HAM/TSP [5, 6] and ATL [7].

HTLV-1 replicates in the host through two pathways: mitotic spread and infectious
spread [8]. In mitotic spread, an infected cell divides to produce two identical “sister
cells" which carry the single-copy provirus integrated in the same genomic location as
the parent cell. Infectious spread, or de novo infection, occurs when the virus infects
a previously uninfected cell, and in this case the virus integrates in a new site in the
target cell genome [Figure 1]. The combination of infectious and mitotic spread results
in a large number of distinct clones of infected T-cells, each clone defined as a

population of infected cells with a shared proviral integration site [9-11].
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82  The relative contribution of infectious spread and mitotic spread to the proviral load is
83 unknown. This ratio is important, because it will directly determine the efficacy of
84  different approaches to treatment. Although no effective antiretroviral drugs have yet
85 been developed for HTLV-1 infection, antiretroviral therapy (ART), which efficiently
86 reduces infectious spread in HIV-1 infection by inhibiting reverse transcription, viral
87 maturation and proviral integration, may be effective in HTLV-1 infection if infectious
88 spread contributes to the maintenance of HTLV-1 proviral load. Alternatively,
89 immunosuppressive drugs such as ciclosporin which inhibit T cell proliferation would
90 be expected to be more useful if mitotic spread [8] is the dominant mode of viral

91 spread.

92

93 The number of clones of HTLV-1-infected T cells depends on the extent of infectious
94  spread. In this paper, we refer to this number as the HTLV-1 clonal “diversity" (this
95 term should not be confused with measures such as Shannon entropy or beta
96 diversity). The diversity in one host is unknown, and estimating this number from blood
97 samples is nontrivial. Diversity estimation is challenging given the nature of the HTLV-
98 1 clone frequency distribution, where the majority of infected cells are contained in

99 relatively few clones, and the majority of clones contain relatively few cells.

100

101 The prevailing view is that mitotic spread accounts for the majority of HTLV-1
102 persistence [11-14], and that infectious spread is negligible after initial infection [12,
103  13]. This belief is supported by three main observations. First, it was thought that there
104  were relatively few (~100) HTLV-1 clones in one host [9, 11, 13, 15-19]. Second,

105 HTLV-1 varies little in sequence both within and between hosts [20]. Since the host
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106 DNA polymerase used in cell proliferation (mitotic spread) is much less error-prone
107 than the viral reverse transcriptase used in infectious spread, a lack of sequence
108 variation implies that infectious spread is rare. Third, many HTLV-1* clones have been
109 observed at multiple time points separated by several years [9, 17], and a long-lived
110 clone is very unlikely to be maintained by repeated proviral integration through
111 infectious spread at the same integration site, especially since there are no hotspots

112  of HTLV-1 integration [9].
113

114  However, these three observations do not necessarily imply that infectious spread is
115 negligible [14], particularly when we consider the total number of clones in the host
116 and the very small proportion of clones that can be sampled. First, estimates of the
117 number of clones have increased over time [9, 11, 13, 15, 17, 19], and current
118 estimates give approximately 10* - 10° clones in the circulation of ACs and patients
119 with HAM/TSP [10, 21, 22]. Second, apparent sequence uniformity may result from
120 repeated detection of sister cells from a small number of expanded clones. That is,
121 because of the limitations of sampling, there is a strong bias to detection of the large
122  clones which expanded through mitosis. Finally, the repeated observation of specific
123 clones over many years does not rule out persistent infectious spread. The
124  observation of a temporary but dramatic PVL reduction in a patient with HAM/TSP
125 following treatment with the reverse transcriptase inhibitor lamivudine [23] implies that

126 infectious spread remains important in HTLV-1 persistence, at least in some cases.
127

128 Even when taking recent estimates of clonal diversity into account, there is still good

129 reason to believe that mitotic spread is predominant, because the 10* to 10° clones
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130 (created by infectious spread) present in one host consist of approximately 10!
131 infected cells (maintained by mitotic spread). However, this consideration ignores the
132  possibility that clones may be continuously created by infectious spread and killed by

133 the immune response and natural death.
134

135 The aim of this study was to quantify the rate of infectious spread, and thus the ratio
136 of infectious spread to mitotic spread during chronic infection. We first estimated
137 HTLV-1 clonal diversity in 11 subjects using our previously developed method [10].
138 We next developed a deterministic and stochastic hybrid model of within-host HTLV-
139 1 persistence that we fitted to clonal diversity estimates. We further used two
140 alternative approaches to quantify the rate and to ensure robustness of our estimates.
141  First, we developed a simplified model to approximate the upper bound of the rate.
142  Second, we adapted a method originally developed to model naive T cell dynamics.
143 We find broad agreement between estimates from all methods. We conclude that,
144  during chronic infection, a given HTLV-1-infected cell in the peripheral blood is
145  substantially more likely to be derived by mitosis of an existing clone than by de novo
146 infection, although infectious spread continues throughout chronic infection with an

147 average of 175 new clones created every day.
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148 Methods

149 Data sets

150 We apply all three methods described below to previously obtained high-throughput
151 dataon HTLV-1 clonality [9]. Each HTLV-1 dataset quantifies the abundance of HTLV-
152 1-infected T cell clones in ex vivo peripheral blood mononuclear cells, without selection
153 orculture. We studied 11 subjects, where each subject had three blood samples taken
154  per time point, at three time points separated by an average of 4 years, giving a total
155 of 99 datasets. All subjects either had HAM/TSP or were asymptomatic carriers of

156 HTLV-1.

157
158 HTLV-1 clonal diversity estimates

159 To estimate the rate of infectious spread we first estimated HTLV-1 clonal diversity.
160 We use our recently developed estimator, “DivE" [10, 24, 25], which uses experimental
161 measurements of clonal diversity in a sample to estimate both the number of clones
162 and their frequency distribution in the body of the host [Figure 2A]. DivE fits multiple
163 mathematical models to individual-based rarefaction curves; such curves plot the
164 expected number of clones against the number of infected cells sampled. Numerical
165 criteria score models on their ability to accurately estimate additional data. The best-
166 performing models are extrapolated to estimate the total number of clones in the body,
167 based on the proviral load in each respective subject. See [10, 25] for further details

168 and implementation.

169
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170 Table S1 gives the notation used in the three modelling approaches that follow.

171
172 Modelling approach 1: Full simulation hybrid model

173  Within a given host, HTLV-1* T cell clones vary in abundance by several orders of
174  magnitude [9, 10]. Broadly, abundant clones can be modelled deterministically but
175 small clones must be modelled stochastically. In the following sections, we describe a
176 model of HTLV-1 dynamics at quasi-equilibrium that is a hybrid of deterministic and

177  stochastic parts [Figure 2].

178

179 Deterministic Model

180 We consider a system with S(t) clones, where a given clone i has frequency xi(t) at
181 time t. We have the following ordinary differential equations (ODESs) for each clone:

dx,  7&X; Sx 1)

182 T Th sy,
dt  K+N(t)

S(t)
183 where N(t) =ij(t) is the total number of infected cells summed over all clones at
j=1

184 timeft; KL is the proliferation rate of infected cells (i.e. the rate of mitotic spread)
+

N (t)
185 which is half maximal when N(t) = K (see supplementary information) and o is the

186 death rate of infected cells [Figure 2B].
187

188 The dynamics of small clones, where random effects are important, will not be
189 adequately described by a deterministic model. Since small clones contain most
190 information about infectious spread, it is important to model these clones accurately,

9
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191 and so we use a discrete stochastic model, in which we consider multiple potential

192 states of each clone and their corresponding probabilities over time.
193

194  Stochastic Model

195 Using a stochastic framework, the number of clones S(t) and their frequencies at time
196 tare considered as random variables, and we describe within-host HTLV-1 dynamics
197 by a set of reactions and their corresponding propensities [supplementary
198 information]. Infected cells can proliferate, die, or infect uninfected cells [Figure 1].

199 Thus the total number of possible reactions C e Nat time t is C = 3S(t). Following the
200  formulation given in [26, 27], let X (t) =((X;(t));cs( )T be the state vector at time t of all
201 clones. X(t) is a random variable in N°= that consists of the random variables
202  X,(t)eN,=NuU{0}of the frequencies xi(t) of clones i = 1,... ,Smax, Where Smax is

203 chosen to always be larger than S(t) for all t. The state vector X(t) evolves through a

204  Markov jump process that depends only on the current state y e N, and its evolution

205 s given by
206 X(t) =y, +i P ( jot ac(X(s))ds)vC 2)

207 where v¢ and ac respectively denote the stoichiometric vector and propensity function
208 of reaction c [26, 27]. Equation (2) states that the population X(t) at time t is equal to
209 the initial population yo plus the sum of the changes induced by all reactions. See

210 supplementary information for further details.

211

10
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212  There exists a probability distribution associated with the random variable X (t) e N{

213 in(2), given by P(X;t)=P(X(t)=y| X(0)=y,), where y,y, e No=. P(X;t) is a column

214  vector where each entry is a probability associated with a potential state of the random

215 variable at time t. It can be shown [27-30] that P(X;t) is a solution of the Chemical

216 Master Equation (CME)

OP(X =y;t)
ot

217 Zxady—%ﬁ%x=y—%ﬂ%aAwPO<=w0) 3)

218 which describes the rate of change in the probability distribution associated with X(t).
219 The first term is the sum over all reactions of the probability of arriving at state X(t) =
220 y from state X(t) = y - vc via reaction c, and the second term is the sum over all

221  reactions of the probability of leaving state X(t) =y via reaction c.
222

223 Forasingle clone &, the following reactions respectively describe mitotic spread, cell

224  death and infectious spread:

7 (t)

225 Pipi X = 2X 4)
)
226 Pi > X o (5)
227 Pis X >+ X5 (6)
228 where
* T

229 {)=—F—— 7

7 O= N 0

11
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230 is the aggregate density-dependent proliferation rate (dependent on the carrying
231 capacity, and the numbers of infected and uninfected cells). The first two reactions of
232  each clone describe a birth-death process, and the lack of inflow from source (i.e. the

233 lack of areaction p :* — X)) defines an absorbing state [Figure 3].

234

235 The reactions (4), (5) and (6) are monomolecular (in terms of the chemical master
236 equation), because they carry the simplifying assumption that cell death due to the
237 host immune response, and the proviral load, are each constant in the equilibrium
238 within each host. HTLV-1 proviral load remains stable over many years [4, 5]: that is,
239 the numbers of infected and uninfected cells stays approximately constant during the

240 chronic phase of infection.

241

242  Simplifying approximations of stochastic model

243  The probability distribution P(X;t) describes the states and associated probabilities
244  of the entire system, and we define the probability distribution of a particular clone i

245  P(X:t) associated with the random variable Xi(t) similarly:
246 P(X;t)=P(X;(t)=x | X;(0)=x,), Where x,x,eN,. The extinction probability of
247 clone i at time t, P(X, =0;t), will be used below to calculate the expected number of

248 clones at time t [Figure 2C], which in turn will enable our model to be fitted to HTLV-1

249 clonal diversity estimates [Figure 2D].
250

251 If clones interact and are modelled with a single master equation associated with

252  P(X;t), the complexity and runtime of the model increase exponentially with the

12
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253  number of clones. However, because we model the system when proviral load is in
254  equilibrium and can therefore use monomolecular reactions, density-dependent
255  proliferation rates remain approximately constant, and so we can model each clone in
256 isolation with multiple master equations associated with multiple clone-specific

257  distributions P(X;;t) (i=1, ..., S(t)) [Figure 2B]. Therefore, the model complexity and

258 runtime increase only linearly with the number of clones.
259

260 If we impose a maximum frequency for a particular clone i (supplementary information)
261 [Figure 3B], we can summarise Equation (3) using multiple, simpler differential
262  equations below

dP(X;;t)
dt

263 = AP(X;;t) fori= 1, ..., Smax (8)

264  where A is the transition matrix or “matrix of connections" [supplementary information]
265 [27, 31, 32]. Further, because the proliferation rate is constant at equilibrium, rates are

266 independent of time, and so Equation (8) has solution
267 P(X;;t) =e"P,, (9)

268 where P,, =P(X;;t=0) is the initial probability distribution and eA' is the matrix
269 exponential [33]. For equally spaced time steps (t,), of length h, P(X;;t) can be

270 calculated recursively

271 P(X;t,) =e""P(X,;t, ). (10)

272  Example solutions of Equation (9) are shown in Figure 4.

273

13
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274  Expected number of clones

275 We model the expected number of clones S(t) at time t using by adding the total
276  number of clone “births” b(t) over time (that is, the number of infectious spread events),

277 and subtracting the total number of clone extinctions E(t) over time. b(t) is given by
)
278 b(t) = jo n| > x;(u)|du, (11)
j=1

279 where r is the per-capita rate of infectious spread, x(t) is the expected frequency of
280  thej™ clone to be born since t=0 (i.e. x;(t) =E[ X;(t) |), and b(0) = 0. E(t) is then given
281 by

b()
282 E(t) =) P(X, =0;t) (12)

=i
283  Note that b(t) and E(t) are increasing functions since r, xj(t) > 0, and because a clone

284  frequency of zero is an absorption state for the random variable X;(t). Taking (11) and

285 (12) together we calculate the number of clones S(t) as
286 S(t)=S,+b(t)—E(t) (13)

287 where So is the number of clones at time zero [Figure 2C].

288

289  Hybrid model fitting and uncertainty
290 Itis estimated that there are approximately 10t HTLV-1 infected cells in one host [10],

291 and so it is not computationally feasible to model all clones using our stochastic
292 formulation. Clones above a certain frequency [F = 460 cells; supplementary
293 information] are assumed to be adequately described by the expected value from the

294  deterministic ODEs in Eq. (1) [Figure 2B-D]. We thus partition our system of HTLV-1

14
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295  within-host dynamics into a deterministic system of ODESs, and a stochastic system of
296 master equations [Figure 2B]. We propagate these systems alternatively and
297 concurrently using “Strang splitting" [supplementary information] [34]. The
298 deterministic system described in Equation (1) has S(t) ordinary differential equations.
299  Since the S(t) can exceed 10°, we group clones into categories based on the order of

300 magnitude of their abundance.
301

302 We model the dynamics of clones in the body, and not only the blood, because this
303 allows us to model clone extinction. If zero cells of a particular clone are observed or
304 estimated in the blood, this does not necessarily imply that the clone is extinct,
305 because cells in that clone could remain in the solid lymphoid tissue, which contains
306 98% of lymphocytes. We model clones in the body as a whole to avoid this difficulty,
307 which necessitates the assumption that the clonal population structure in the blood is

308 representative of the HTLV-1 clonal structure in the whole body.

309

310 We fitted the infectious spread rate r; as a free parameter, with all other parameters
311 (infected cell proliferation rate, death rate and density dependency) fixed using
312  previous results from the literature and based on each subject’s proviral load [35]
313 [supplementary information]. For each subject sample and parameter update of r;, the
314 model was run to reach an approximate equilibrium [Figure 2C]. The model was fitted
315 to the estimated clonal diversity of that subject sample, i.e. to determine the value of

316 r required to keep the clonal diversity at the observed equilibrium value [Figure 2D].

317

15
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318 The uncertainty in the estimate of r,, the rate of infectious spread, derives from three
319 sources: error in model choice (both structure and numerical value of fixed
320 parameters), error in clonal diversity estimation, and sampling variation. Classical
321 methods of quantifying fitted parameter uncertainty only reflect the last source of error
322 (i.e. they assume that the model and the data are correct). We address the first
323 difficulty by using three alternative models with different structures and parameters.
324  We address the error in diversity estimation by using alternative clonal diversity inputs
325 from the Chaol estimator [36], a non-parametric diversity (or species richness)
326 estimator that has been widely used in many fields [37-40]. And we address the issue
327 of sampling variation by investigating the range of estimates provided by the nine
328 hybrid model fits per subject (i.e. one for each of the subject's blood samples); the

329 mean of these estimates is taken as our point estimate.
330

331 The hybrid model was coded in R (version 3.5.0) [41], using the packages “data.table"
332 [42] and “Matrix" [43]. Matrix exponentials were computed using the Padé
333 approximation [44]. The hybrid was fitted using one-dimensional optimisation as

334  described in [45] .

335
336 Modelling approach 2: upper bound approximation

337 We considered a simplified model of HTLV-1 persistence that does not describe
338 individual clone dynamics. If S(t) and N(t) are the number of clones and number of
339 infected cells respectively at time t, and r,, is the per-capita rate of infectious spread,

340 we have the following differential equation

16
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341 S'(t) = r N (t) - 5 (t)S(t) (14)

342  where 8s(t) is the clone death rate at time t. The first term of Equation (14) models the
343  birth of new clones by infectious spread, and the second term models the death of

344  existing clones.
345

346 If & is the (constant) death rate of infected cells, then we have 8s(t) < §, because the
347 number of clones that die cannot exceed the number of cells that die (equality would
348 occur if all clones were singletons i.e. clones that contain only one infected cell). The
349 clone death rate depends on the population structure of infected cells and will vary
350 over time as this population structure changes. For example, a higher proportion of

351 singletons will increase ds(t).
352

353 We assume that, in the chronic stage of infection when HTLV-1 proviral load is at
354  equilibrium, the number of clones is also at equilibrium and so we have N(t) = N, S’(t)
355 =0, and S(t) = S. Letting J; be the average rate of clone death, we can approximate

356 Equation (14) as

357 S'(t)=0=rN-5,S (15)
358 =1 = %S 05 (16)
N = N

359 and therefore we define the supremum of the rate

360 = _9S (17)

I ,Supremum N
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361 n,suremum Will substantially overestimate infectious spread because it applies the
362 relatively high singleton death rate to all clones (clones with few cells become extinct
363  more quickly than clones with many cells). To obtain a tighter upper bound we divide
364 clones into those smaller and larger than an arbitrary size fmax and expand the

365  expression for r; in Equation (17) to obtain

finx ©

5smallznf +5Iarge z nf
f

366 rl‘fmax — f=1 N = fnax 1 (18)

367 where ns denotes the number of clones of frequency f, i.e. the "occupancy classes".

368 The aggregate clone death rate of small clones &, and of large clones 3, will

arge
369 comprise a weighted average of the death rate of clones of all sizes within that
370 category. Because the HTLV-1 clonal frequency distribution is heavy tailed, small
371 clones are more numerous than large clones, and so will make the dominant
372  contribution to the clone death rate. Therefore the contribution from large clones can

373 be neglected to give

374 r . (19)

375  Provided fmax is sufficiently small, then &, ., (which is less than or equal to &) can be

376 approximated by &. The error incurred by this approximation decreases as fmax IS

377 reduced, and so the infectious spread rate will be best approximated by Mot for low

378 values of fmax. Estimates of the ratio of infectious spread to mitotic spread can be

379 obtained by dividing 11 supremum and . by the per-capita rate of mitotic spread m =

380 0.0316 [supplementary information] to give
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381 Rsupremum = 11, supremum / T (20)
382 and

383 R =1 /7. 1)
384

385 Modelling approach 3: Occupancy class model

386 Adapting an model of naive T cell dynamics [46], we model the occupancy classes ns
387 of HTLV-1 clones [Figure 5]. We assume that the clonal structure is in equilibrium (i.e.
388 that the number of clones in each size class is constant) and that the probabilities of
389 cell proliferation and death are independent of clone size.

390

391 Scaling so there is one event (i.e. de novo infection or mitosis) per cell per unit time

392 wehavel+M=1andR :=1/ M. Therefore

393 | =R/ (1+R) (22)
394 and
395 M=1/(1+R) (23)

396 where | and M are the rates of infectious and mitotic spread (scaled as above), and R
397 isthe ratio of infectious to mitotic spread.

398

399 Aclone in occupancy class f moves to class f+1 by mitosis with probability

400 Mfne/ N = fne/ N(1+R) (24)

401 where N is the number of infected cells. A clone in occupancy class f+1 moves down
402 to class f by death. Loss of cells by death is equal to the production of new cells by

403 infection and mitosis, which has been scaled to 1, so the death rate is 1 per unit time.
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Since we assume that the probability of death is independent of clone size, the
probability that the one death event in unit time occurs to a cell in size class i+1 is

simply equal to the proportion of cells in size class i+1 i.e. fns/ N.

In order for the number of cells Cs in size class f (Ct = fnf) to remain constant we require
that flow in and flow out of the occupancy class nr to be equal [Figure 5], i.e. that the
number of cells leaving occupancy class nt must be equal to those arriving from class

nr.1 (via mitosis) and class ns1 (via cell death). We therefore have

c,, C ¢, C
1 1, Zfa 1 e R forf=2,..., (25)
1+R N N 1+RN N
Rearranging gives
1 1
C,,=|—+1|C,———C 26
f41 (1+R j f 1+R f-1 ( )

For the number of cells (C1) in size class 1 to remain constant we require

i_,.& = i&+& (27)

1+R N 1+RN N

And for the population as a whole to remain of constant size we need the gain of new
clones to balance their loss

R_S (28)
1+R N

Rearranging (28) gives our first estimator (R1) for the ratio R from the occupancy class

model, given in terms of p =C4/N, the proportion of cells that are singletons:

p
R=_—"*_ 29
1-p (29)

Substituting (28) into (27) and applying (26) recursively we obtain

1
C.,=——C forf=2,3...» 30
"1+R ! (30)
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and thus

1\ R
C, :(—j N——. (31)
1+R 1+R

Species richness is defined as the number of clones, and so

Species richness=) ' n,
f=1

-3 (32)

obtained by substituting in (31).

© k

Using the fact that ZZ? = In[li] (a special case of the polylogarithm function)
k=1 —Z

We have that

species richness = In(lgRj NR (33)

This is our second estimator for the ratio of infectious to mitotic spread, R2, from the

occupancy class model.
The proportion of infected cells that are singletons is estimated using DivE, and the

number of infected cells in the body is estimated from each patients proviral load as

described in [10].
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440 Results

441 HTLV-1 clonal diversity estimates

442 We estimated HTLV-1 clonal diversity (the number of unique clones) in 11 subjects
443  with non-malignant HTLV-1 infection, either asymptomatic carriers or those with
444  HAM/TSP. These estimates were obtained by measuring diversity in the nine blood
445  samples per person (three at each of three time points) and then applying our recently
446 developed method of estimating clonal diversity by extrapolation from the sample to

447  the whole body [10] [Table 1].

448 We tested our assumption that the number of clones is at equilibrium in the chronic
449 phase of infection, where HTLV-1 proviral load is at equilibrium. We used linear
450 regression to estimate the net change per day in the observed and estimated number
451  of clones. This net change was 0.01 (95% CI -0.07 — 0.09) clones per day (i.e. 1 clone
452  every 100 days) and -2.50 (-5.94 — 0.93) clones per day in the observed and estimated
453 number of clones respectively; in each case the confidence interval spans zero.
454  Further, using a two-tailed binomial test, we found little evidence that this change was
455  significantly different from zero (p = 1 for observed and p = 0.07 for estimated). We
456 therefore make the approximation that HTLV-1 clonal diversity remains unchanged in

457  the chronic phase of infection, after the proviral load has reached steady state.

458

459 Modelling approach 1: Full simulation hybrid model

460  Within-host HTLV-1 persistence is modelled by considering HTLV-1-infected clones
461 individually. Large clones are modelled deterministically using a system of ordinary

462 differential equations, whereas smaller clones are modelled stochastically by solving
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463 the chemical master equation [Equations (9) and (10)] that considers the frequency of
464 each clone as a random variable governed by a birth-death process [Figure 2B]. The
465 per-capita rate of infectious spread and the expected number of infected cells are then
466 combined to model the birth of new clones (11), whereas the extinction probability of
467 each clone is used to calculate expected clone death (12). The birth and death (or
468  extinction) of clones provide an estimate of the number of clones at equilibrium (13)
469 [Figure 2C], and it is this value that is fitted to our estimates of HTLV-1 clonal diversity,

470 to infer the per-capita rate of infectious spread [Figure 2D].
471

472  The hybrid model was fitted to clonal diversity estimates for each subject (for each
473 sample and each time point), providing an estimate of the infectious spread rate in
474  each case [Table 1]. These nine estimates per patient were averaged to calculate the
475 mean rate for each individual. Between individuals, the mean estimated rate of
476 infectious spread was 7.7 x 1010 per day, ranging from 2.1 x 101° to 1.7 x 10 per
477  day [Figure 6A], i.e. varying by almost an order of magnitude. While this per-capita
478 rate is very low, it translates to an average of 175 (range 39 - 456) new clones created
479 per day [Figure 6B]. Therefore the hybrid model predicts that infectious spread is not
480 limited to initial infection, but persists at a low level throughout the chronic phase.
481 Given an estimate of the rate of mitotic spread of 3.2 x 102 per day, our infectious
482 spread estimates imply an average ratio of infectious to mitotic spread of 2.4 x 108

483 (6.6 x 10 — 5.3 x 10°®) [Figure 7].
484

485  Within individuals the standard deviation between samples in the infectious spread

486 rate was relatively small, with an average of 2 x 101 (5.4 x 10! — 4.1 x 1019 [Table
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487  1]. Estimates of the per-capita infectious spread rate were not found to correlate with
488 either proviral load or with the estimated diversity during the chronic phase (this may
489 be due to our 11 patients providing insufficient power). However, unsurprisingly, the
490 estimated number of new clones per day was correlated with both proviral load (R? =

491  0.62) and strongly correlated with the estimated diversity (R? = 0.99) [Figure S1].

492

493  Sensitivity analysis of hybrid model

494  Originally our threshold value of F, above and below which clones are respectively
495 modelled deterministically and stochastically, was set to equal 100. However, the
496  extinction probability of clones of size 100 over a duration of tousr = 3133 days
497  [supplementary information] duration was 0.37. We were therefore concerned that
498 excluding such clones would bias the estimates of the infectious spread rate and
499 therefore the ratio, and so re-fitted our model with F = 460. This value is the minimum
500 clone frequency for which the extinction probability is less than 1%, given our
501 parameters of infected cell growth, death, and density dependency [Figure S2,
502 supplementary information]. The estimates of infectious spread from the hybrid model
503 are almost identical whether we assume F = 100 or F = 460. We present the F = 460
504 estimates, as the most accurate description of the system would to consider all clones
505 stochastically. The results of a sensitivity analysis on the length of the time step h are

506 shown in Figure S3.

507

508 Modelling approach 2: upper bound approximation

509 Upper bounds of the infectious spread rate (ri,supremum) Were estimated for each subject

510 using Equation (17), by substituting inputs of HTLV-1 clonal diversity estimates [Table
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511 1] and an estimate of d = 0.0316 infected cell death a day, and an estimate of the total
512  number of infected cells N (derived from the proviral load, as detailed in [10]). For each
513 individual we averaged across all samples and across all time points. Estimated values
514  of the rate ranged between individuals from 2.8 x 10° to 1.7 x 10°® per infected cell
515 per day, and thus (given a rate of per-capita mitotic spread of 0.0316 cells per day)
516 estimates of the ratio Rsupremum ranged between 8.7 x 10® and 5.5 x 10/ [Figure 6A].
517 The estimated number of new clones per day using the supremum estimates are
518 unsurprisingly much larger than those of the hybrid, ranging from 516 to 4804, i.e.

519 approximately an order of magnitude higher [Figure 6B].
520

521  We further estimated the more restrictive upper bounds of the ratio R from Equation

522  (21) for multiple fmax values between 1 and 1000 [Figure 6A]. These estimates assume
523 that the cell death rate applies to clones with frequencies less than or equal to fmax,

524  and that larger clones do not contribute to the rate.
525

526 The hybrid estimates always fall below the estimated supremum and are very close to
527 the estimates provided by for fmax = 1 [Figure 6]. Since it is likely that the upper bound
528 approximation will give more accurate estimates for lower values of fmax, this result
529 demonstrates the consistency of estimates produced between the hybrid and the

530 upper bound approximation.

531

532 Modelling approach 3: Occupancy class model
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533 The results from the hybrid model indicate a very low ratio of infectious to mitotic
534 spread. The hybrid benefits from treating small clones stochastically and from the
535 inclusion of known experimental details of HTLV-1 infection and spread. However, it
536 remained possible that these very low estimates of the ratio resulted from incorrect
537 model or parameter assumptions. To test the robustness of our estimate of the ratio
538 to changes in model and parameter assumptions, we adapted a simple deterministic
539 model of HTLV-1 clonal dynamics and occupancy classes and used this to produce
540 two alternative estimators of the ratio of infectious to mitotic spread.

541

542  The occupancy class model is based on a model of naive T cell dynamics developed
543 by de Greef et al [46]. It assumes that clonal dynamics are deterministic, that the clonal
544  structure is in equilibrium and that the probabilities of cell proliferation and death are
545 independent of clone size. The model yields two estimators of the ratio of infectious to
546 mitotic spread. The first estimator (referred to as Ri1) depends on the proportion of

547 infected cells that are singletons

548 R =—"—
1-p

549 where p is the proportion of cells that are singletons.
550

551 The second estimator (referred to as R2) depends on species richness.

552 species richness=In {“ R, } NR,
R

2

553 where N is the number of infected cells (see Methods for derivation of both
554  expressions).

555
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556  Across the 99 estimates (11 subjects, 3 time points, 3 replicates) both estimators, R1
557 and Ry, are strongly positively correlated with the estimate of the ratio produced by
558 the hybrid model (P = 1 x 1013 and P = 6 x 10% respectively, Pearson correlation)
559 and agree well numerically, being of the same order of magnitude and, if anything
560 tending to be even smaller (hybrid median = 2.0 x 108, hybrid LQ = 1.4 x 108, hybrid
561 UQ = 3.0 x 108 Ry median = 2.0 x 108, R; LQ=1.4 x 10®, R; UQ = 3.0 x 10%; R

562 median=1.3 x 10% R, LQ =1.0 x 108, R, UQ = 1.9 x 10°8) [Figure 8].
563

564 Finally, we applied the second estimator from the occupancy class model to estimate
565 infectious spread (R2) to the Chaol estimator of clonal diversity (rather than the DivE
566 estimate used up to this point). The Chaol estimator gives much lower diversity
567 estimates, and so unsurprisingly yields considerably smaller estimates of the
568 infectious to mitotic spread ratio (median = 7.3 x 1010, LQ = 4.7 x 101, UQ = 1.0 x

569 10%).

570

571 We conclude that the low estimates of the infectious to mitotic spread are not the
572  product of implicit assumptions in the hybrid model or incorrect parameter choice.
573 Inaccurate estimates of the clonal diversity may play a significant role but calculations
574  using an alternative, widely used estimator provided even smaller estimates of clonal

575 diversity, and therefore yield an even lower ratio.
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576 Discussion

577

578 The relative contribution of infectious and mitotic spread to HTLV-1 viral persistence
579 has not previously been estimated, and this has been a long-standing problem in the
580 field. For many years, it was believed that the virus persisted solely by oligoclonal
581 proliferation of latently infected cells, and that infectious spread contributed little if
582 anything to persistence. However, three observations have brought this belief into
583 question. First, the strong, persistently activated host T-cell response to HTLV-1
584 implied that the virus is not latent but is frequently expressed in vivo. Second, high-
585 throughput analysis revealed that a typical host carries between 10% and 10° clones,
586 not ~100 clones as was previously believed. Third, treatment with the antiretroviral
587 therapy lamivudine temporarily but substantially reduced the proviral load of a patient
588 with HAM/TSP. These observations raise the question: what is the contribution of

589 infectious spread to the maintenance of the proviral load during chronic infection?
590

591 In this study, we used three different strategies to estimate the ratio of infectious to
592  mitotic spread during the chronic phase of infection. We first developed a deterministic
593 and stochastic hybrid model of within-host HTLV-1 dynamics, and fitted this model to
594 clonal diversity estimates derived from experimental data. We then derived an
595 estimate of the upper bound of the ratio by using a highly simplified model that does
596 not consider individual clones. Finally, we adapted a model of naive T cell repertoires
597 that models clone occupancy classes. We found broad agreement between the

598 estimates of the ratio obtained using all three methods; and each method implied the
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599 existence of ongoing infectious spread during chronic infection, after the HTLV-1

600 proviral load has reached steady state.
601

602  While the ratio of infectious to mitotic spread during the chronic phase is very small
603 (~2 x 10%), it equates to ~10% new clones every day. That is, approximately 100 new
604 HTLV-1-infected T cell clones appear every day by infectious spread. Further, while
605 the estimated rate of infectious spread represents a small contribution to overall HTLV-
606 1 persistence, the constant creation of new clones will increase the risk of malignant
607 transformation, because this risk depends in part on the proviral integration site [21].
608 A malignant clone could originate not only from accumulated mutations in a long-lived
609 clone, but also from a recently infected clone. High HTLV-1 proviral load increases
610 both clonal diversity [47] and risk of ATL [7]. However, it is unknown whether the
611 increased clonal diversity (caused by infectious spread) is a mechanism for this higher
612 risk of malignancy, or whether it is a separate bi-product of high proviral load. Our
613 estimates of ongoing infectious spread during chronic infection are consistent with the
614 hypothesis that higher infectious spread increases the risk of malignant
615 transformation. If this is the case, then anti-retroviral therapy could reduce the risk of
616 ATL in patients who have entered their chronic phase, although it would need to be

617 continued for many years, and would be a long time before its impact was evident.
618

619 It is important to note that the different methods we use are not independent. First,
620 they all use our clonal diversity estimates as an input (see section below). Second,
621 they all assume equilibrium clonal diversity. However, they do differ in a number of

622 respects. The upper bound approximation is independent of the parameters F, m and
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623 K and makes no assumptions about the clonal structure or the density dependence of
624 infected cell proliferation. The Ry estimator from the occupancy class model depends
625 only on the proportion of singletons and so is independent of all the parameters (F, r,
626 6 and K), assumptions about density dependence of proliferation, and indeed the

627 estimated clonal structure beyond the number of singletons. Similarly the Rz estimator
628 from the occupancy class model is also independent of F, m, § and K as well as
629 proliferation assumptions. While the hybrid model is our most detailed simulation of
630 HTLV-1 within host dynamics, it is mathematically and computationally complex and
631 requires significant runtime. Because the estimates from all three methods are largely
632 consistent, our analysis indicates that the latter two methods provide good
633 approximations of the rate of infectious spread and the ratio of infectious to mitotic

634 spread.

635

636 The most likely source of error in our estimates of the ratio of infectious to mitotic
637 spread lies in the estimation of clonal diversity. Two factors argue against a serious
638 error. First, estimates based on two different quantities (the number of clones and the
639  proportion of infected cells that are singletons) give very similar estimates of the ratio.
640 Second, the DIiVE estimator compares favourably to other widely-used estimators of
641 species richness [10]. It remains possible that we have underestimated clonal
642  diversity, although it is important to note that DivE produces considerably higher and
643 more plausible estimates than the other estimators, which predicted fewer clones than

644  were observed in additional blood samples taken at the same time.

645
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646 A much smaller source of potential error lies in using the number of clones to quantify
647 infectious spread. If the virus repeatedly integrates in the same genomic site, then the
648 number of unique genomic sites would be less than the number of true clones, and
649 hence both the infectious spread rate and the ratio would be underestimated.
650 However, hotspots of HTLV-1 integration have not been observed [9], and so such
651 repeat infection would not substantially alter our estimate. Assuming the provirus does
652 not efficiently integrate into heterochromatin, which represents ~2/3 of the human
653 genome, then only one third of the ~3 x 10° base pairs of the human genome have
654 the potential for proviral integration. The probability of repeated proviral integration is
655 then the number of existing integration sites divided by the number of potential
656 integration sites. Given the estimated number of clones is of the order of 10°, this
657  probability is approximately 10%/10° = 10-. Therefore, any error in using the number

658 of clones to quantify infectious spread infectious spread is very small.
659

660 It seems surprising that, during initial infection, the virus could establish a stable
661 population of infected T cell clones with such a low rate of infectious spread. However,
662 these low rates of infectious spread are measured in the chronic phase of infection,
663  when the strong host cytotoxic response kills HTLV-1-expressing cells, which probably
664 reduces efficient infectious transmission and favours mitotic transmission. During the
665 early phase of infection, before the establishment of an adaptive immune response,
666 the contribution of infectious spread may be substantially higher than during chronic
667 infection. It would be interesting to model the dynamics of early infection, in particular
668 toinvestigate the rate required to establish a stable population of infected T cell clones.
669 Modelling early infection would violate the assumption of equilibrium, and thus would
670 void many of the simplifying assumptions that makes our model tractable (e.g. our
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671 ability to model clones independently and so avoid an exponential increase in
672 complexity). However, given sufficient computational power, this analysis would be

673 possible.
674

675 The methods described here have potential applications in other fields, for example in
676 modelling the human T cell receptor (TCR) repertoire. The mechanisms by which the
677 immune system is reconstituted after immune suppression or transplantation are
678 poorly understood. Drawing parallels between immune reconstitution and HTLV-1
679 infectious and mitotic spread, the present approach could be applied to investigate the
680 extent to which reconstitution occurs either through the generation of new TCR
681 clonotypes, or through the expansion of existing clonotypes. In HIV-1 infection, the
682 approach could be used to quantify the ratio of infectious to mitotic spread in the

683 absence of treatment and in the latent reservoir remaining following treatment.
684

685 In summary, we develop three methods, which have the potential to be applied to a
686 range of areas, and use them to quantify the role of de novo infection in maintaining
687  HTLV-1 viral burden at equilibrium. We find that on average 5 x 10° new infected cells
688 are produced every day; of these the vast majority (>99.9%) will arise from division of
689 an existing infected cell and will thus have the same proviral integration site as their
690 mother cell, but a small minority (about 175 cells per day) will arise from infectious
691 transmission and will contain a novel proviral integration site. These estimates suggest
692 that ongoing infectious spread may be a mechanism for malignant transformation that

693 treatment with antiretroviral drugs may suppress.

694

32


https://doi.org/10.1101/799197
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/799197; this version posted October 9, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

695 Acknowledgements

696 We acknowledge grant funding from the Bill and Melinda Gates Foundation, joint
697 Centre funding from the UK Medical Research Council and Department for
698 International Development (grant MR/R015600/1), the Wellcome Trust (Project Grant
699 091845 to CB, BA; Senior Investigator Award 100291 to CB), and the Imperial College
700 National Institute for Health Research Biomedical Research Centre. We thank the
701 High  Performance  Computing service staff at Imperial  College

702  (https://www.imperial.ac.uk/computational-methods/hpc/), and the staff at the National

703 Centre for Human Retrovirology, Imperial College Healthcare NHS Trust, London,
704 U.K. B.A. is a Wellcome Trust Investigator (103865) and is funded by the Medical
705 Research Council UK (J007439 and G1001052), the European Union Seventh
706  Framework Programme (FP7/2007—2013) under grant agreement 317040 (QuanT])

707 and Leukemia and Lymphoma Research (15012).

33


https://doi.org/10.1101/799197
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/799197; this version posted October 9, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

708 Figures

Infectious Spread Mitotic Spread

HTLV-1 infected cell Uninfected CD4+T cell HTLV-1 infected cell

1 Host genome HTLV-1 provirus

Figure 1. HTLV-1 infectious and mitotic spread schematic. Left column
(Infectious spread): an HTLV-1-infected cell infects an uninfected CD4* T cell
(typically by cell-to-cell contact via the virological synapse, and potentially also via
cell-free spread). The HTLV-1 provirus (red) integrates in a different genomic
location in the newly infected cell, so infectious spread has resulted in two clones.
Right column (Mitotic spread): An HTLV-1-infected cell divides, whereupon the
provirus resides in the same genomic location in each daughter cell. The figure

shows a single clone with two HTLV-1-infected cells.
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Figure 2: Schematic of full simulation hybrid model. A: Observed and estimated clone frequency
distributions. From an observed sample of clones, the clone frequency distribution of the body in one
host is estimated using DIivVE. B: Propagation of hybrid model: Estimated clone frequency distribution
partitioned into deterministic and stochastic systems. Clones of frequency less than and greater than
threshold F are respectively modelled stochastically and deterministically. F is chosen with respect to
probability of clone extinction [supplementary information]. The deterministic system is modelled using
ordinary differential equations [Eq. (1)]. The stochastic system consists of multiple birth-death processes
(one for each stochastically modelled clone) each with an absorbing state at zero [Figure 3]. The
evolution of the clone probability distribution over time is governed by the chemical master equation [Eq.
(10), Figure 4]. New clones are created through infectious spread, i.e. the per-capita rate r, multiplied by
the expected number of infected cells, in both deterministic and stochastic compartments [Eq. (11)].
Deterministic and stochastic systems are propagated concurrently with Strang splitting [supplementary
information]. C: Hybrid model diversity. The estimated number of clones S(t) [Eq. (13)] at time t, given
parameters 6 = {m, 6, K, rl } is given by the number of clones created [Eq. (11)], minus the number of
clones that are expected to have died between 0 and t [Eq. (12)], plus the number of clones Sp att = 0.
The number of clones is assumed to be at equilibrium in the chronic phase of infection. D: Model fitting
schematic: Expected diversity at S(tour) increases with per-capita infectious spread rate r,. Model fitted
using non-linear least squares to DIVE estimated diversity in the body, where the objective function is

the square of the discrepancy between this value and the value of S(tour) at equilibrium.
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Figure 3. Clone state space birth-death process flow diagram. Each box denotes the
potential state of a given clone, i.e. the number of cells in that clone, with the corresponding
propensity of each reaction at each state. m*(t) and & denote the per-capita rates of
infected cell proliferation and death respectively. Note there is no source inflow from

frequency O to frequency 1. A and B respectively show the state space with and without
an upper limit 7.
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Figure 4. Probability distribution evolution. Each curve shows the distribution

P(X;;t) =P(X;(t) = x | X;(0) = x;,) of the probability that the given clone i contains X

cells at time t. At successive time points the curve broadens and either (A) shifts to
the right as the expected frequency of the clone increases, or (B) shifts to the left as

the expected frequency of the clone decreases.
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Figure 5. Occupancy class model schematic. Singletons (clones of size 1) are
produced by infectious spread (red). Proliferation (orange) results in loss from clone
size class f and entry into size class f + 1. Death of a cell (green) results in a clone

moving from size class f to size class f - 1.
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Figure 6. Ratio of infectious spread to mitotic spread and number of new clones per day, by
patient and estimator. A Ratio of infectious spread to mitotic spread. B Number of new clones
generated per day. In each plot, red crosses and bars respectively denote point estimates and the range
from the nine estimates for each subject from the hybrid model. Upper bound approximations from

N,supremum (green triangles) are shown, together with tighter upper bounds from . (coloured circles)

for multiple values of fmax between 1 and 1000. Lighter colours denote higher values of fmax. Hybrid
model point estimates are very close to the estimates obtained for fmax = 1 (lowest circles). Estimates

plotted on logarithmic scale.
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Figure 7. Infectious and mitotic spread rates. Per-capita rates of infectious
spread (using hybrid model) and mitotic spread are shown. Infectious spread rates
are fitted to HTLV-1 clonal diversity estimates from 11 patients. Mitotic spread rates
are derived from previously obtained values [supplementary information]. Mitotic

spread is substantially higher than infectious spread in chronic phase of infection.

716

40


https://doi.org/10.1101/799197
http://creativecommons.org/licenses/by/4.0/

717

718

bioRxiv preprint doi: https://doi.org/10.1101/799197; this version posted October 9, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

o
o
= =
o o
o o P
e e
o o
2 2 oF
m m o
E E . 28
= = o
E ] -
= =
2 2 g
I I
1e-08 2=-08 Ee0B Te-08 1e-08 2=08 3=08 4=08
Dccupancy Class estimate of R, R1 Dccupancy Class estimate of R, B2
= o
E L] E o
o o @
e E > =g
o
o I o
= o e ) @
E ° o E O LI
b= =] o N a o
] &e o - ¢ L o
w E s ® w E e B T -
]
g% |- goe ogod | ER ) e
=] ot oo
5 " I :Q?‘ T E f mF Y
= ‘i o Doo ':;D - o 5 'i & e o
E_:_E_ o ‘9%0 > c?:o o % Pa g_I ‘:'O
3 > > = o “
o o - - o =
(=] o oo (=] o
o R =
E > E :
i3 i3
0 20 40 80 20 100 0 20 40 80 20 100
Samples Samples

Figure 8. Comparison of estimates of ratio of infectious to mitotic spread from the
hybrid model (method 1) and the occupancy class model (method 3). (Top left)
Estimate of ratio from hybrid model plotted against first estimate from occupancy
class model (R1). Red line is line of best fit, black line is line of equality. (Top right)
Estimate of ratio from hybrid model plotted against second estimate from occupancy
class model (R2). Red line is line of best fit, black line is line of equality. (Bottom left)
Estimate of ratio between hybrid model and first estimate from occupancy class
model (R1). Black line denotes the median. (Bottom right) Estimate of ratio between
hybrid model and second estimate from occupancy class model (Rz2). Black line

denotes the median.
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719 Tables
720 Table 1. Hybrid model estimates of rate of infectious spread estimates and ratio of
721 infectious to mitotic spread by patient.
Patient Mean Proviral Mean Infectious spread Ratio of infectious to Number new
(Disease | load* (no. HTLV-1* | Estimated* rate r mitotic spread clones per day
Status?) | cells per 10,000 diversity (no. [Mean [Mean [Mean
PBMCs) [9] HTLV-1* clones | (Lower — Upper)T, (Lower — Uppen)t, (Lower —
in body) [10] standard deviation standard deviation Uppen)t],
within patient within patient
replicate samples] replicate samples]
1 417 50666 1.0e-09 3.3e-08 149 (101 - 191)
(AC) (5.9e-10 - 1.4e-09), | (1.9e-08 - 4.4e-08),
2.6e-10 8.3e-9
2 133 19025 1.1e-09 3.5e-08 51 (25 - 67)
(UV) (4.8e-10 - 1.6e-09), | (1.5e-08 — 5.0e-08),
3.5e-10 1.1e-8
3 320 59908 1.7e-09 5.2e-08 181 (130 - 243)
(HAM) (1.2e-09 - 2.1e-09), | (3.9e-08 - 6.8e-08),
3.0e-10 9.6e-9
4 920 36840 2.8e-10 8.8e-09 89 (68 - 113)
(HAM) (2.1e-10 - 3.7e-10), | (6.8e-09 - 1.2e-08),
54e-11 1.7-9
5 160 16485 7.8e-10 2.5e-08 43 (33 - 58)
(HAM) (5.2e-10 — 1.0e-09), | (1.6e-08 - 3.3e-08),
1.9e-10 6.0e-9
6 187 15906 6.1e-10 1.9e-08 39 (19 - 57)
(HAM) (3.4e-10 - 9.5e-10), | (1.1e-08 — 3.0e-08),
2.3e-10 7.3e-9
7 2077 152180 5.9e-10 1.9e-08 428 (346 - 496)
(HAM) (4.9e-10 - 6.8e-10), | (1.5e-08 - 2.2e-08),
6.7e-11 2.1e-9
8 1753 52246 2.1e-10 6.8e-09 128 (82 - 178)
(HAM) (1.6e-10 - 3.3e-10), | (4.9e-09 — 1.0e-08),
5.9e-11 1.9e-9
9 1827 142032 7.3e-10 2.3e-08 456 (303 - 671)
(HAM) (5.3e-10 - 1.1e-09), | (1.7e-08 - 3.4e-08),
2.2e-10 6.9e-9
10 813 68897 6.8e-10 2.2e-08 196 (157 - 249)
(HAM) (6.1e-10 - 7.6e-10), | (1.9e-08 - 2.4e-08),
6.4e-11 2.0e-9
11 690 59145 7.6e-10 2.4e-08 161 (118 - 234)
(HAM) (4.2e-10 - 1.6e-09), | (1.3e-08 - 4.9e-08),
4.1e-10 1.3e-8
Mean 845 61212 7.7e-10 2.4e-8 175

* Mean value of nine replicate samples for each patient (see methods)
T Lower and Upper denote the range of estimates from nine hybrid model fits from each subject.
* Disease status: AC = asymptomatic carrier. UV = uveitis (non-HAM/TSP); HAM = HAM/TSP
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Table 2. Parameter names and values

available under aCC-BY 4.0 International license.

Parameter | Description Comments Value

Name

r per-capita rate  of | Fitted for each patient | See Table 1
infectious spread (de | [Methods]
novo infection)

T per-capita rate  of | Derived from [48] | 0.0316 per day
mitotic spread (infected | (supplementary
cell proliferation) information)

o) per-capita rate  of | Derived from  [48] | 0.0316 per day
infected cell death (supplementary

information)

K Density  dependency | Derived  from  [48] | 4.02 x10%!
parameter. Infected cell | (supplementary
proliferation rates are | information)
half maximal when
number of infected cells
N(t) =K

R Ratio of infectious to | derived from value of 7 | See Table 1
mitotic spread and fitted values of r,
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