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cacy trials and the role of varying transmission dynamics.

Methods: We calibrate models of CCHF virus (CCHFV) transmission among livestock and spillover to
humans in endemic areas in Afghanistan, Turkey and South Africa. We propose an individual randomised
controlled trial targeted to high-risk population, and use the calibrated models to simulate trial cohorts to
estimate the minimum necessary number of cases (trial endpoints) to analyse a vaccine with a minimum
efficacy of 60%, under different conditions of sample size and follow-up time in the three selected set-

Keywords: .
Crimean-Congo haemorrhagic fever tings.
Vaccines Results: A mean follow-up of 160,000 person-month (75,000-550,000) would be necessary to accrue the

Mathematical modelling required 150 trial endpoints for a target vaccine efficacy of 60 % and clinically defined endpoint, in a set-
Clinical trials ting like Herat, Afghanistan. For Turkey, the same would be achieved with a mean follow-up of 175,000
person-month (50,000-350,000). The results suggest that for South Africa the low endemic transmission
levels will not permit achieving the necessary conditions for conducting this trial within a realistic
follow-up time. In the scenario of CCHFV vaccine trial designed to capture infection as opposed to clinical
case as a trial endpoint, the required person-months is reduced by 70 % to 80 % in Afghanistan and Turkey,
and in South Africa, a trial becomes feasible for a large number of person-months of follow-up (>600,000).
Increased expected vaccine efficacy > 60 % will reduce the required number of trial endpoints and thus
the sample size and follow-time in phase III trials.
Conclusions: Underlying endemic transmission levels will play a central role in defining the feasibility of
phase Il vaccine efficacy trials. Endemic settings in Afghanistan and Turkey offer conditions under which
such studies could feasibly be conducted.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction been estimated from previous outbreaks at 35 % and 25 % in Afgha-

nistan and Turkey respectively [1,2], however some serological

Crimean-Congo haemorrhagic fever (CCHF) virus (CCHFV) is a surveys have reported proportions of subclinical infection in

zoonotic tick-borne emerging pathogen that can lead to fatal humans as high as 88 % [3], which suggest a wide clinical spectrum
haemorrhagic fever in humans. A case fatality rate for CCHFV has of disease.

Several CCHFV vaccine candidates are under different phases of
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Despite this, no effective vaccine formulation is currently available,
while the epidemiological map of influence for CCHFV keeps
expanding [9-11]. Recognising this urgency, WHO has included
CCHFV as one of the emerging pathogens which requires acceler-
ated efforts to develop improved diagnostics, therapeutics and
effective and safe vaccines [12]. This last point is particularly chal-
lenging as several factors can hinder the design and performance of
vaccine efficacy trials for emerging infections. The most evident
one is the limited commercial incentive for investing in costly ran-
domised trials for “low burden” and context-specific zoonoses, but
equally important are the difficulties intrinsic to trial design when
the expected volume of clinical cases is highly uncertain or low.

Findings from our previous analysis of the transmission dynam-
ics of CCHFV in an endemic region in Afghanistan [13] suggest that
a future vaccination campaign targeted to human groups at high
risk of infection should be preferred over animal vaccination in this
setting. Here we examine the feasibility of conducting a phase III
vaccine trial for a CCHFV-specific vaccine, by estimating key trial
design components like sample size and time to attain the neces-
sary number of trial endpoints, in three different endemic settings:
Afghanistan, South Africa and Turkey.

2. Methods
2.1. Study locations and data

For this study, we select endemic areas in three different coun-
tries, namely, Herat in Afghanistan, Free State, North West and
Northern Cape provinces in South Africa and, Tokat, Sivas, Erzu-
rum, Erzincan and Giimiishane provinces in the Kelkit valley in
Turkey (Fig. 1).

In Afghanistan, the first case of CCHF was reported in 1998, and
then intermittently until the start of national active surveillance
for CCHFV in 2007 [14]. In this context at least two major CCHF
outbreaks have been characterised in Herat, western Afghanistan,
one in 2008 [15], and more recently in 2017 [1], with reported case
fatality rates of 33 % and 22 % respectively. In this same area of the
country, high levels of IgG antibodies have been identified in live-
stock, suggesting sustained endemic transmission in animal hosts
[16]. Here we use animal and human seroprevalence data, and
reports of clinical human cases from Herat, as described in the sup-
porting information Table S1.

The first cases of CCHF were reported as early as 1981 in South
Africa in the North West Province, and since then sporadic cases
have occurred annually, with 217 cases reported between 1981
and 2020, with most cases coming from the North West, Northern
Cape, Free State and Western Cape provinces [17]. Different cross-
sectional studies over the years have shown a high seroprevalence
in livestock (32 %-80 %) [18], and more recently a study from the
Free State and Northern Cape provinces reported a prevalence of
74.2 % (95 %CI: 64.2-82.1 %) in cattle and 3.9 % (95 %Cl: 2.6-
5.8 %) in farm and wildlife workers [19]. For South Africa we cali-
brated our models to data reflecting human and animal seropreva-
lence and human cases from three provinces in South Africa: Free
State, North West and Northern Cape provinces.

In Turkey, the first cases of CCHF were identified in 2002 in
Tokat city, Anatolia, amongst people involved in farming and ani-
mal husbandry [2]. A number of seroprevalence studies in humans
and animals across the country have helped to identify Kelkit val-
ley in the northern part of the country as an endemic hotspot for
CCHFV [20]. Case reports reached a peak between 2008 and 2009
when ~ 1,300 cases were confirmed each year. Since then, around
900 cases are reported yearly [2]. Importantly, since 2003 Turkey
has established a country-wide surveillance system and has
improved its reporting capacity for CCHF, specifically increasing
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the number of reference laboratories with the capacity to perform
ELISA for IgM and IgG and RT-PCR. This is thought to explain why
Turkey has so many more reported cases annually than any coun-
try in the region [21]. In 2021, 243 cases had been reported by July
in Turkey and 13 fatalities attributed to CCHF [22].

For Turkey we capture these trends using seroprevalence data
in animals and humans and human clinical cases reported from
the five provinces reporting over 70 % of CCHFV cases every year,
namely Tokat, Sivas, Erzurum, Erzincan, and Giimiishane.

Our country selection reflects a spectrum in incidence of CCHF
cases reported, in which, as described above, South Africa lies at
the lowest bound, Turkey in the upper bound and Afghanistan in
the middle. This provides us with a wide epidemiological context
for testing vaccine trial feasibility.

Data from the three countries are summarised in the supporting
information Table S1.

2.2. CCHFV transmission model

We model transmission of CCHFV in livestock and spillover into
humans with a combined modelling framework. Briefly, for live-
stock we use an age-structured deterministic Susceptible-Infec
tious-Recovered-Susceptible (SIRS) design in which we introduce
selected environmental drivers as means to capture the
environment-dependant seasonality in tick activity, in the absence
of tick data in these locations. We test four potential drivers of tick
activity, namely, soil temperature, saturation deficit, normalized
difference vegetation index (NDVI), and relative humidity. For each
country we use Deviance Information Criterium (DIC) to select the
environmental driver that best helps capture the local trend data.
Time series for these drivers was gathered at the province level
for each country. These models and the role of environmental dri-
vers are explained in detail elsewhere [23].

Viral spillover into humans is modelled with a stochastic
Susceptible-Exposed-Infectious-Recovered-Susceptible (SEIRS)
structure, where the risk of infection depends solely on the preva-
lence of infection among animals, a transmission coefficient and a
factor controlling the excess risk conferred by human activity (i.e.
farming or other activities). This means that human infection in
our model comprises transmission from livestock to humans, but
not human to human. Although the model structure does not
explicitly make a distinction between asymptomatic and symp-
tomatic, we apply a clinical fraction to the modelling infection out-
put in order to capture the wider clinical spectrum of the disease.
This fraction is estimated during calibration. This is also relevant
for this defines two different types of trial design (i.e, infection
vs case driven) which we explore further in this analysis.

For each location we calibrate this model to animal and human
data (Table S1), using a Bayesian framework. Input values and cal-
ibrated parameters can be found in Table S2. Final calibrated mod-
els can be seen in Figs S1-S3. Further analysis builds on these
calibrated models, and simulations are projected into the future
for an extra five years beyond the date of the last calibration point.

2.3. Vaccine candidate profile

Vaccine trial feasibility has multiple associated factors. Here we
focus on the trial aspects related to sample size (noted N) and
follow-up time under different baseline epidemic conditions.

First, we define the characteristics of a potential effective vac-
cine candidate against CCHFV following a decision tree for vaccine
efficacy trials as proposed by Bellan et al. [24]. The full outcome of
this exercise can be found in Table 1. In brief, we propose an active
controlled individual randomised trial, targeted to groups at high
occupational risk in endemic areas, and a trial endpoint that
reflects the laboratory-confirmed clinical form of CCHFV disease.
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Fig. 1. Geographical locations in the study Data from endemic provinces on CCHF incidence and seroprevalence in humans and animals. In Afghanistan, we simulate and
use epidemiological and environmental data from Herat (yellow). In South Africa we considered the Free State, North West and Northern Cape provinces (green), while in
Turkey we model Tokat, Sivas, Erzurum, Erzincan and Giimiishane provinces in the Kelkit valley.

However, as part of our analysis we estimate trial conditions for a
design with infection-driven endpoints, as opposed to clinical
cases.

Within this framework we propose a minimum expected vac-
cine efficacy (VE) of 0.6 (i.e.,60 %), which is defined as proposed
elsewhere [25],

VE=1-RR (1)

where RR is the relative risk of CCHF occurring in the vaccinated
arm relative to the control arm. We define RR as the ratio of attack
rates between study arms, as follows,

AR,

RR = AR,

(2)

where AR, and AR, are the attack rates of CCHFV over the study per-
iod among vaccinees and control groups respectively.
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2.4. Sample size calculation

Having defined clinical cases of CCHF as a primary endpoint
(Table 1) and an expected vaccine efficacy, we estimate the num-
ber of necessary endpoints (n;) to analyse vaccine efficacy under
certain conditions of power and significance level (type I error
probability). Under this simple approach, we reduce the sample
size estimation to a one proportion hypothesis test. We propose
a null hypothesis (Hg) that vaccine efficacy is less than or equal
to 30 %, and an alternative hypothesis that vaccine efficacy is
>60 %, the threshold of efficacy previously defined for our vaccine
candidate. Next, we solve for n; from the Chi-Square one proportion
test by.

P (@-2)

n=——
(Po — 1)

3)
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Table 1
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Randomised controlled trial characteristics for CCHFV Proposed vaccine trial profile for a CCHFV vaccine efficacy trial of phase IIl in an endemic area. The characteristics were

selected following the InterVax-Tool as proposed by Bellan et al. [24].

Trial Characteristic Choice

Rationale

Trial population Inhabitants of endemic areas

Risk target Farmers/Animal handlers

Randomization Individual randomization
CCHFV vaccine

Intervention

Comparator Active control

Primary endpoint CCHEF clinical case
Case definition
haemorrhagic manifestations
PCR test confirmation

Case ascertainment

Blinding Double blinding

Symptomatic case with febrile illness with headache,
myalgia, backache, joint or abdominal pain, vomiting, or

Trials should be carried out in known endemic areas. Also, our
previous work on environmental drivers suggests that some climatic
conditions can provide a good indication of the time of the year when
more CCHF cases can be expected

Our previous research suggests that targeted vaccine campaigns can be
more efficient than the general population. Moreover, CCHFV seems to
carry a highly defined profile of at-risk population: animal handlers
(farmers etc.), butchers, and less importantly health care workers.
Given that we are looking at spillover transmission, individual
randomization is a preferred option and more efficient statistically.
A safe and effective vaccine formulation should be offered. We assume
here a one dose scheme.

We are proposing an active control which could maximize the benefit
of the trial in the community. Meningitis, Hepatitis B or Hepatitis A
could be potential options, or even Typhoid conjugate, as long as this
vaccine schedule mimics the CCHFV vaccine schedule and blinding can
be ensured (i.e., cold-chain, storage). Otherwise a placebo would be the
next best option

CCHEF is routinely reported and the clinical case is feasible and
desirable

CCHF has a wide range of symptomatic disease. The more convenient
outcome would be the broadly defined clinical cases, confirmed by
laboratory. Since onwards transmission from infected humans is
expected to be negligible, preventing asymptomatic infection is not
immediately relevant.

Severe disease can be a secondary outcome.

A PCR test is available and should be used to detect active infection in
suspected cases.

Double blind is preferred, and should take priority when assessing if
active control or placebo should be used.

where p, and p, represent the probability of being a CCHF case
when receiving the vaccine under the null and alternative hypoth-
esis, respectively, and z; and z;_, are the Z-score values for the
selected power g and significance level «, respectively.

Here p is the effect size (i.e. the magnitude of the difference
between p, and p, ). We calculate it using the formula for effect size
for proportions (Cohen’s h) [26].

p = 2sin”" (VB,) — 2sin”" (v/py) (4)
Therefore, for H; we write.
AR, (1 — VE) (5)

Pr= AR, — VE) + AR,

where VE is 0.6 and the attack rate in the control group AR, is
estimated.

2.5. Simulating attack rates

The approach mentioned above requires an estimate of the
expected attack rate of symptomatic CCHF among the unvacci-
nated control group (AR,). We estimate AR, by reproducing a
closed cohort design nested in the previously calibrated transmis-
sion model for each country. As mentioned before, the human
model follows a SEIRS design, in which the risk of infection is a
function of transmission rate g (which comprises animal-
livestock contact rates and per-contact transmission probabilities),
occupational excess risk (e.g., farmers incur a higher risk of infec-
tion) and the seroprevalence of CCHFV among livestock. By run-
ning instances of the calibrated model (i.e., samples from the
posterior density of the calibrated parameters) over this SEIRS
cohort we are able to seed the desired susceptible sample size at
tp and follow them up for a maximum period of 5 years. The attack
rate (AR,) is then easily calculated by.
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>iolu(D)

AR(E) = CLu(t) = G2 s

= (6)
with CI,(t) as the cumulative incidence of clinical CCHFV up to time
t, and N as the sample size of susceptible controls at t,. We focus
primarily on attack rates of the most common clinical form of the
disease but we also take a wider spectrum from infection to fatality
in order to assess the feasibility of alternative study endpoints in
different settings. Importantly, we assume that, in the context of a
randomised controlled trial, CCHF cases are actively ascertained
among the suspected cases, therefore reporting capacities in each
setting do not play a role in sample size estimation in this case.

The calibrated simulations run over different time periods but
all spanning from April 2007 until December 2021. We seed a
study cohort in 2008, selecting the month preceding the highest
expected seasonal peak of CCHFV cases in each setting: March in
Turkey, May in Afghanistan, and September in South Africa. By
doing this, we assume first that operationally this minimises the
lead-time before accruing the necessary endpoints, and second,
that this is a single-dose vaccine, with a month being sufficient
time to achieve protection. Fig. 2 shows the simulated incidence,
and the different seasonal patterns in the three countries.

In order to draw conclusions from a direct comparison between
different countries we take a fixed desired follow-up time of
6 months, as can be seen in results in Table 2.

2.6. Analysis of vaccine trial feasibility

We focus here on two central aspects of trial feasibility, namely,
estimated sample size needed to reach the necessary number of
study endpoints (n; in equation (3)), and the estimated time to
reach those outcomes. We explore the change in these estimates
across the locations we model while exploring varying assump-
tions about the expected profile of VE.
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Fig. 2. Human CCHF Incidence trajectories in endemic areas Top panels A-C show the simulated monthly incidence of CCHF cases reported (red), cases not-reported
(yellow), asymptomatic infections (green), and fatalities (grey). The bars reflect the median estimate. Bottom row (D-F) show the simulated incidence of reported cases
against country-specific data (grey bars). Uncertainty around the median estimate (solid red) is shown in shaded red (95% Crl). Stochastic trajectories of 500 samples from the

posterior distribution are shown in light grey.

Table 2
Estimates of trial design parameters for a CCHVF vaccine in endemic settings in three countries.
Estimate AfghanistanMean South TurkeyMean
(95 % Credible interval) AfricaMean (95 % Credible interval)
(95 % Credible
interval)
Attack rate of CCHF at 6 months follow-up (per 1,000 high risk population) 5.5(1.6-11.2) 0.01 (0.001-0.02) 5.1 (2.5-16.4)
Attack rate of CCHFV infection at 6 months follow-up (per 1,000 high risk population) 27.6 (8.2 - 56) 0.1 (0.01-0.2) 17.1 (8.5-54.6)
CCHFV endpoints of any type to assess vaccine efficacy (n;)* 150 150 150
Person-months follow-up to to reach clinical case endpoints * 160,000 (75,000 - 550,000) NA 175,000 (50,000 - 350,000)
Person-months follow-up to reach infection endpoints® 25,000 (15,000 - 100,000) > 600,000 50,000 (20,000 - 110,000)
Follow-up time to reach n; clinical case endpoints¥ (months) 5(2-126) >160 6(2-16)
Follow-up time to reach n; clinical case endpoints¥ (months) 2(12-3) 159 (61 - 160) 2(2-4)

¥ For an assumed sample size of 30,000, 60% powered at 90% and 5% significance.
§8 Assuming a vaccine efficacy target of 60% powered at 90% and 5% significance.

3. Results

Transmission models for CCHFV amongst livestock and humans
were calibrated to data from endemic areas in Afghanistan, South
Africa and Turkey (Figs S1-S3). As reported before, saturation def-
icit is the environmental driver that best describes seasonality and
tick activity in Afghanistan [13]. In Turkey and South Africa, soil
temperature is a better surrogate marker, according to DIC (See
Fig S4). However, the relative difference in DIC for saturation def-
icit and soil temperature is not considered significant. The model
calibrations also highlight the different endemic levels of CCHFV
spillover transmission into humans in the three countries (Fig. 2)
and seasonal patterns determined by the annual cycles described
by the environmental drivers (e.g., soil temperature, saturation
deficit) in each location. From these patterns, our selected optimal
times for starting trial recruitment in each setting appear to be
May, April and October in Afghanistan, Turkey and South Africa,
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respectively. We estimate that the highest risk of human spillover
transmission can be found in Herat, Afghanistan, where the attack
rate of CCHF after 6 months of follow-up is 5.5 (Cr1 95 %, 1.6 - 11. 2)
per 1,000 individuals at high risk (Table 2), followed by Turkey
with 5.1 (Crl 95 %, 2.5-16.4), and 0.01 (CrI 95 %,0.001-0.02) in
South Africa.

In these settings we assess the number of events necessary to
evaluate vaccine efficacy through the vaccine trial proposed in this
study. We estimate that for a randomised controlled trial with an
assumed vaccine efficacy of 60 %, with significance level of 5 %
and powered at 90 %, it would be necessary to accrue at least 150
CCHF events. This estimate is the same across all settings. As we
increase the target vaccine efficacy (H;), and the effect size of a
potential effective vaccine becomes larger, so fewer endpoints and
shorter lead-times are required to reject the null hypothesis (Fig. 4).

Conducting a trial with the preferred outcome of clinical CCHF
cases would be feasible in a setting with transmission levels like



J.F. Vesga, R. Métras, Madeleine H.A. Clark et al.

those in Herat, Afghanistan, or in the northeast endemic provinces
of Turkey, where a follow-up of 175,000 person-month can yield
the necessary endpoints to reject the null hypothesis for an
expected VE under H; of 60 %. This is equivalent to a follow-up
time of 6 months for a sample of ~ 29,000 individuals (Fig. 3,
Table 2). For the modelled endemic areas in South Africa this
would not be possible inside the 5 year time window we simu-
lated, even for large sample sizes and target vaccine efficacy over
90 %, as seen in Table 2 and Fig. 4A - C.

Using CCHFV infection as a primary endpoint (i.e., clinical + pau
cisymptomatic + asymptomatic), could mean that evaluating vac-
cine efficacy could be attained in Afghanistan and Turkey at even
half the estimated required sample size, in a ~ 6 months period
(Table 2). In South Africa, a trial becomes feasible in this scenario
for large sample sizes (>75,000) and target vaccine efficacy
of > 70 % (Fig. 4D-E).

Afghanistan
VE ~90%

Turkey
VE ~90%

VE ~60%

eesse

VE ~60% ~90%

%20
2
Iga
80
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4. Discussion

We have designed and calibrated CCHFV transmission models
for livestock and human spillover in endemic areas in Afghanistan,
Turkey and South Africa, in order to assess the feasibility of vaccine
efficacy trials while accounting for differences in transmission
dynamics. The results indicate that an individually randomised
controlled trial to assess VE, targeted to high risk groups (e.g. farm-
ers) with clinical disease as primary outcome, will be feasible if at
least 150 events are accrued, under standard conditions of power
and confidence. This threshold could be achieved in a mean time
of 6 months in Herat, Afghanistan, with a sample size ~ 26,000,
while in the Kelkit valley, in Turkey, the same could be achieved
for a sample size of ~ 29,000 and over. Despite a higher volume
of CCHF cases reported per year in Turkey, when controlling for
population size at risk our attack rates estimates indicate that

South Africa
VE ~60% VE ~50%

600,000
550,000
500,000
450,000
400,000
350,000
300,000
250,000
200,000
150,000
100,000

~ Infection — Case

Fig. 3. Person-months required to reach endpoints Estimated person-month of follow-up required to reach the necessary number of endpoints (infections in yellow,
clinical cases in blue). Vertical lines show different thresholds in number of endpoints required to reject the null hypothesis for H; with a VE = 90 % (grey), VE = 60 % (red), and
VE = 50 % (dark green). Shaded areas show the uncertainty (95 % Crl) propagated from the epidemic model in the simulated cohort. Solid line shows 50 % percentile of the

sample posterior.

Afghanistan
100000~

Sample size
Sample size

4 50 6 70 80 90 40 5 60 70 80
Target vaccine efficacy (%)

100000 -

75000-

Sample size
Sample size

25000

40 50 60 70 80 90 40 5 60 70 80
Target vaccine efficacy (%)

Target vaccine efficacy (%)

South Africa
100000~

75000~

Follow-up (months)
185

120

Sample size

25000

90 4 50 60 70 80 90
Target vaccine efficacy (%)

Follow-up (months)
165

120

Sample size

90 40 50 60 70 80 90
Target vaccine efficacy (%)

Fig. 4. Follow-up time to reach trial endpoints by sample size and target vaccine efficacy in three countries Heat map and contour lines show months of trial follow-up
required under combinations of scenarios of initial sample size and target vaccine efficacy. In top row panels this analysis is performed for a trial scenario where a clinical trial

endpoint is selected. In bottom rows, this analysis is for an infection endpoint.
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Afghanistan has a slightly higher risk per individual than Turkey
(Table 2). By this criterion (i.e., attack rate) Herat would offer a
more efficient setting for conducting a trial, yet other operational
challenges need to be taken into account when selecting the most
convenient study site: for example, a small location like Herat
might not provide the necessary number of at-risk individuals
(e.g., farmers). As reported in Table S2, a total farmer population
of 7,614 in Herat in 2008, would be insufficient for this purpose.

We find that shorter follow-up periods could be possible in
these settings if the assumption of a hypothetical 60 % vaccine effi-
cacy is increased further (Fig. 3). In South Africa, our results show
that the very low number of cases might not be enough to conduct
this type of trial in a reasonable time-span. We conclude that the
requisites of time and sample size for a vaccine trial against CCHFV
do vary according to local epidemic conditions. For Turkey and
Afghanistan, our results show that adopting a trial endpoint like
CCHFV infection (instead of clinical CCHF) will greatly improve
the possibility of accruing trial endpoints in less than 6 months
and with smaller sample sizes. However, the relevance of powering
a CCHFV vaccine trial with such an endpoint is unclear, given that
it is expected that the vast majority of cases will arise as either
tick-borne or zoonotic transmission, where humans are not a
transmission-amplifying host in this cycle. Therefore, the sec-
ondary gains of transmission blocking can be considered not rele-
vant for the purpose of designing CCHFV vaccine trials. For other
vector-borne infections like malaria, including subclinical infec-
tions within the trial endpoint definition becomes relevant, given
that subclinical infections in humans play an important role as
source of human-to-vector infection [27].

In all locations we found that the calibrated model is consistent
with a seasonal pattern in CCHFV in humans, strongly driven by
environmental factors (i.e., saturation deficit, soil temperature),
mirroring the endemic levels simulated among livestock. Our mod-
elling suggests that endemic areas in Turkey appear to have a
longer period of active transmission into humans through the year
(i.e., April to February, peaking in June), which accounts for the
much larger volume of infections observed in our simulations. Cru-
cially, this suggests that Turkey’s high number of cases is not an
effect of an established active surveillance system but of higher
underlying levels of transmission. In South Africa we reach a sim-
ilar conclusion from opposing findings: low endemicity is not an
effect of case underreporting but of levels of spillover and livestock
prevalence. Although it has been suggested that CCHFV has exten-
sively been underestimated in Africa, it is important to note that
countries like South Africa and Uganda have a much better estab-
lished system of surveillance than their neighbouring countries
[28].

In Afghanistan our model shows a well-defined cycle of high
transmission between May and July, which is in line with the wide
climatic range in this area, which drives tick activity seasonality
(Fig. 2). Within this cycle, spillover transmission goes extinct for
an extended period before re-emergence occurs in a predictable
pattern, without being extensively altered by stochastic effects.
This is better exemplified when observing the simulated incidence
in South Africa, where despite the very low monthly yield of CCHF
cases, the seasonal cycle remains predictable over time without
falling into extinction (Fig. 2, Fig S3). This is an important insight
and also relevant to our aim of assessing vaccine trials for CCHFV,
since these dynamics are consistent with a zoonotic infection with
established endemicity, indicating that alternative designs like ring
vaccination trials used during Ebola outbreaks [29,30] might not be
necessary for this disease. Ring vaccination was designed to exploit
the clustering of cases within contacts of cases (or their contacts)
in a scenario where the emergence of new human infections is
highly uncertain. Therefore, in the absence of clear chains of
human to human transmission and with a predictable re-

5812

Vaccine 40 (2022) 5806-5813

emerging pattern in human cases of CCHF, the use of traditional
designs like the individual randomised controlled trial is feasible
and recommended.

In this analysis we have assumed that these transmission pat-
terns remain unchanged beyond the described dynamics. That is,
we simulate trial recruitment and follow-up under calibrated con-
ditions of livestock and spillover transmission. It is, however, plau-
sible that changes in the ecology of the multiple hosts and vectors,
or in human activity might result in outbreak events like those
observed sporadically in several parts of the world [31-33].

The trial requirements and minimum sample sizes estimated in
this analysis do not account for potential operational challenges
like attrition of subjects or limitations in test performance during
case ascertainment. These are important aspects of trial design
and execution and will require further exploration.

Our model does not explicitly incorporate a detailed module for
vector cycle and transmission. This is due to the paucity of
location-specific data on tick activity and abundance. However,
our approach using environmental drivers as a proxy indicator of
tick activity, allows us to confidently capture the variation in trans-
mission among livestock and therefore in risk among humans.

In conclusion, our work has assessed for the first time the trans-
mission dynamics of CCHFV in multiple epidemiological settings
and the feasibility of conducting phase Il vaccine efficacy trials
in such locations. This work highlights the epidemiological impli-
cations of varying levels of human spillover transmission when
defining the necessary minimums for statistical assessment of effi-
cacy in terms of sample size and follow-up time. This work breaks
ground for future assessment and establishment of a CCHFV vac-
cine roadmap.
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