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Background: Chlamydial disease is a major factor negatively affecting koala

populations. Vaccination is a promising management option that would result in

immune-mediated protection against disease. Measuring and assessing vaccine efficacy

can be challenging owing to both direct and indirect interactions caused by vaccination.

In this study, we investigate vaccine-immune-chlamydial load-disease relationships from

MOMP (major outer membrane protein) vaccine trials to protect healthy free-ranging

koalas against Chlamydia-related diseases.

Methods: We created a priori hypotheses based on data sources and perceived direct

and indirect interactions from koalas vaccinated 6 months prior. Each hypothesis was

tested as a structural equation model separately for either the urogenital or the ocular

site to evaluate possible causality amongmeasured variables. Model averaging was used

as multiple models fit the data, and the strength of relationships was examined through

averaged coefficients and the raw data.

Results: We found more relationships in urogenital models as compared to ocular

models, particularly those with interleukin 17 (IL17) mRNA expression compared to

models with interferon gamma (IFNγ) expression. In the averaged model with IL17,

urogenital chlamydial load was positively associated with disease and negatively

associated with IL17 expression. MOMP vaccination had a trending effect for reducing

urogenital chlamydial load and also had a strong effect on increasing IL17 expression.

Not surprisingly, urogenital chlamydial load was a positive predictor for the development

of urogenital disease at 6 months post-vaccination.

Conclusions: Despite multiple potential sources of variation owing to the koalas in

this study being free-ranging, our analyses provide unique insights into the effects of

vaccinating againstChlamydia. Using structural equation modeling, this study has helped
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illuminate that the expression of the immune cytokine IL17 is linked toMOMP vaccination,

and animals with a high urogenital chlamydial load expressed less IL17 and were more

likely to develop disease, enhancing previous investigations. Going beyond univariate

statistics, the methods used in this study can be applied to other preclinical vaccination

experiments to identify important direct and indirect factors underpinning the effects of

a vaccine.

Keywords: structural equation model, Chlamydia, vaccine, koala, cytokine

INTRODUCTION

Koala (Phascolarctos cinereus) populations, particularly in the
Australian Capital Territory and in the Australian states of New

South Wales and Queensland, have suffered staggering losses

over recent years (1–4) leading to their conservation status
being listed as “vulnerable” per the IUCN (5). A number of
factors negatively affect koala populations including: habitat

loss (1, 6), climate change (7), bushfires (8), motor vehicle
accidents (6), dog attacks (8), and disease (9). Deterministic age
structured matrix models (9) of four of these factors (habitat
loss, dog attacks, motor vehicle collisions, and disease) indicate
that reducing the prevalence of disease may stabilize koala
populations. The magnitude of disease-related mortality within
a given population is potentially exacerbated by environmental
stressors including climate change, habitat loss resulting from
urbanization, and environmental disasters such as bushfires,
though to our knowledge no study has investigated this in
wild koala populations (10). Amid its variable magnitude, the
reduction of disease has been a key management strategy of this
species (2, 9, 11, 12).

Chlamydia is an obligate, intracellular bacterium that is the
most prevalent disease-causing pathogen in wild koalas (12,
13). Koalas are hosts to two bacterial species of Chlamydia
(C. pecorum and C. pneumoniae), however, modern vaccine
candidates target the more prevalent species, C. pecorum, that
typically infects epithelial cells in the ocular and urogenital
mucosa (14). Sterility and disease-related mortality as a result
of chlamydial infections have a direct, negative impact on koala
population dynamics and are relatively common among some
free-ranging koala populations (11, 15). Chlamydial infections
in koalas are treatable with antibiotics, but this management
strategy is potentially fatal for the specialized microflora in
the koala gastrointestinal tract that is necessary for eucalyptus
digestion (16). Vaccinating koalas is a promising tool for disease
management that is modeled to have clear benefits, particularly
at the population scale. Modeling by Craig et al. (17) suggested
that chlamydial vaccination could stabilize koala populations
after 5 years of using a vaccine (with protective efficacy of
75%) administered to around 10% of koalas per year. Such a
vaccine does not yet exist, however, many studies within the last
decade have advanced the development of a vaccine for koalas
against Chlamydia.

Much of the foundational work for chlamydial vaccine
development has used captive koalas under controlled veterinary
conditions [reviewed by Phillips et al. (18)]. However, field trials

that encompass a greater range of natural variables provide
a more accurate picture of vaccine efficacy. To date, there
are two published field trials testing a chlamydial vaccine
using free-ranging koalas. The first study was by Waugh et al.
(19). This vaccine consisted of three chlamydial major outer
membrane proteins (MOMP) from three genotypes (A, F,
and G) and an Immunostimulating Complex (ISC) adjuvant,
that was delivered subcutaneously three times over 3 months
(given at 1-month intervals). Chlamydial load and disease were
compared 6 months post-vaccination between vaccinated and
control koalas in the 60 koala trial. Vaccinated animals had
increases in anti-Chlamydia immunoglobulin G (IgG) and lower
levels of chlamydial load and prevalence of disease (at both
the ocular and urogenital sites) compared to control koalas
6 months after the initial vaccination. The second field study
was by Desclozeaux et al. (20). This trial tested two vaccine
formulations consisting of either MOMP (three genotypes A, F,
and G) or PMP (peripheral membrane protein, genotype G).
Both vaccines were delivered subcutaneously alongside a tri-
adjuvant (PCEP, IDR1002, and polyI:C) and vaccinated groups
were compared to non-vaccinated control koalas (21 koalas in
each group, 63 in total). BothMOMP and PMP vaccinated koalas
had elevated interferon gamma (IFNγ) and interleukin (IL) 17
mRNA expression 6 months post-vaccination compared to pre-
vaccination levels. Additionally, koalas vaccinated with MOMP
had lower chlamydial loads compared to control koalas 6 months
post-vaccination. Combined, these field trials have examined
enough koalas that, for the first time, more detailed modeling
analysis of factors involved in vaccine responses in koalas can
be considered.

The koala immune response has been a focal point of research
in recent years, particularly to chlamydial infection [reviewed by
Madden et al. (21)]. Several important cytokines or antibodies in
response to chlamydial infection in koalas have been identified:
IFNγ, IL17, IL10, tumor necrosis factor alpha (TNFα), IgG,
and IgA. As multiple aspects of the koala immune response
are poorly understood, researchers often refer to vaccine trials
against two other chlamydial species, C. trachomatis or C.
muridarum, where mice are most often used as host models of
infection (22, 23). Of these murine trials, the most commonly
measured host cytokine in response to chlamydial infection is
IFNγ (22), where the expression of IFNγ has been associated
with protection against chlamydial disease (24). Increases in
IFNγ concentration in vitro can lead to the degradation of
tryptophan, leading to the starvation of C. trachomatis of this
essential amino acid and inducing chlamydial persistence [an
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inactive, intracellular pathogen response to external stressors;
(25)]. A recent study has shown C. pecorum to be resistant to
increasing concentrations of IFNγ in vitro, suggestive of different
immune-evasion mechanisms as compared to C. trachomatis
(26). This difference from C. trachomatis (which is sensitive
to IFNγ) could lead to a different effect of IFNγ in koalas to
C. pecorum infection. Lastly, in murine hosts, elevated levels
of both IFNγ and IL17 increased the production of inducible
Nitric Oxide synthase (iNOS), promoting the production of
microbicidal nitric oxide (NO) that correlated with the reduction
of chlamydial load (27). Some studies, however, have suggested
that an elevated iNOS response to infection (elevated by host
cytokines) may be associated with scarring of the fallopian tubes
and immunopathogenesis (28, 29). The relationships between
chlamydial vaccination, the host immune response (particularly
IFNγ and IL17), chlamydial load, and disease is still poorly
understood in koalas.

Clearly, a key challenge in chlamydial vaccine research is
understanding complex direct and indirect immune-mediated
control of infection and disease. In this study, we aimed to
model important direct and indirect factors surrounding
the vaccination of free-ranging koalas: vaccination status,
host immune parameter, chlamydial load, and disease. We
used structural equation models to identify the directionality
and magnitude of direct and indirect relationships when
all four variables are modeled together. This statistical
method has been used previously to identify both multiple
environmental and individual factors that affect chlamydial
disease pathology in koalas (30). We modeled vaccination
status, the expression of an immune parameter (either
IFNγ or IL17), chlamydial load, and disease status at two
important mucosal sites (ocular and urogenital) using data
collected by Waugh et al. (19) and Desclozeaux et al. (20).
We tested six hypotheses to (1) identify the relationships
between immune parameter and chlamydial load, and (2)
identify the relationships between host immune parameter
and disease.

METHODS

Experimental Design
Following vaccination or non-vaccination, control and
vaccinated koalas were resampled at an average of 5.95 months
(± 0.33, 95% CI, referred to as 6 months post-vaccination
hereafter). We adopted a cross-sectional comparison of control
to vaccinated free-ranging koalas to determine if our vaccines
against Chlamydia was effective, given uncontrolled background
variation of individual and immune factors. The intent was to
assess whether vaccination superseded background individual
variation (i.e., immune history, genetics, and seasonality) in
parameters, which we know does not protect koalas against
Chlamydia disease. We note that koalas were sampled across
seasons (Spring n= 17, Summer n= 3, Autumn n= 9, Winter n
= 11), but in preliminary analyses we found no effect of season
on measurements of either IL17 (Kruskal Wallis X2 = 1.060, p=
0.787) or IFNγ (Kruskal Wallis X2 = 2.185, p= 0.535).

Pooling Data From Both Field Trials
Previously collected data from two field trials of free-ranging
koalas vaccinated against Chlamydia described by Waugh et al.
(19) and Desclozeaux et al. (20) were used in our analysis
(see Appendices 1, 2 for a summary of the methods for both
studies). The two field trials (different vaccination schedules
and different adjuvants) were investigated to determine if
differences exist in the data for MOMP vaccinated individuals
(PMP vaccinated individuals were excluded). We first used a
meta-analysis to compare the effects of vaccination (control vs.
vaccinated animals) on chlamydial load and disease prevalence at
either the ocular or urogenital site for 6 month post-vaccination
data between studies (Figure 1A). In one trial (19), all koalas
(vaccinated and control; see Figure 1A) remained healthy at
the ocular site (no effect size could be calculated). An effect
size (or a Hedge’s g) and variance were calculated to estimate
the effect of MOMP vaccination on chlamydial load (at the
ocular and urogenital sites) and disease (at the urogenital site)
for both field trials [a total of 6 effect sizes; see Borenstein
et al. (31)] (19, 20). A meta-regression was performed on
the effect sizes using the MAd package (32) in the statistical
program R [v3.5.3; (33)] and an I2 statistic was calculated to
determine heterogeneity between studies for each measurement
(as omnibus models) (31). As control koalas in the field trial
by Desclozeaux et al. (20) did not have measurements of IFNγ

or IL17 expression, a comparison was made for these immune
measurements using univariate methods (Figure 1B). As no
evidence indicated differences between the two trials, the data
collected fromWaugh et al. (19) and Desclozeaux et al. (20) were
pooled to test hypothesized models with chlamydial load, disease,
and immune response measurements taken at 6 months after the
first chlamydial vaccination.

Creation and Testing of Hypothesized
Models
Six a priori structural equation models were created based
on biological hypotheses proposed in the literature (Table 1;
see Appendix 1 for additional background information and
Appendix 2 for measurement sample sizes). We created our
hypothesized models with the assumptions that vaccination
affected chlamydial load and host immune parameters (black
arrows between V. Status and either C.L. or I.P., see Table 1)
established in the original publications by Waugh et al. (19) and
Desclozeaux et al. (20). We also made our hypothesized models
with the assumption that MOMP vaccination was not directly
associated with disease based on previous studies that evaluated
the safety of vaccinating healthy koalas against Chlamydia (34,
35). Lastly, we assumed that there was a link between chlamydial
load and chlamydial disease (black arrow between C.L. and
Disease, see Table 1) based on structural equation models of
non-vaccinated free-ranging koalas (30).

To begin, IFNγ or IL17 expression was evaluated as the
immune parameter. Two models were made to determine if, (1)
a causal relationship exists between these immune parameters
and disease, and (2) the directionality between these immune
parameters and chlamydial load (hypotheses 1 and 2). Four
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FIGURE 1 | Comparison of hedge’s g (± 95% CI) effect sizes for disease and chlamydial load (CL) data collected at the urogenital and ocular sites for vaccinated and

control groups (A), and log10 transformed interferon γ (IFNg) and interleukin 17 (IL17) cytokine expression for vaccinated and control groups (B) of wild koalas in two

published MOMP-vaccination trials (see Appendices 1, 2): Desclozeaux et al. (20) (black effect sizes and boxplots) and Waugh et al. (19) (red effect sizes and

boxplots). All measurements were taken 6 months post-vaccination. Sample size (with n diseased) or mean (± S.D.) copies/µL are shown for each factor in this (A).

Despite differences between the two trials, we found no evidence against pooling data between the two trials after performing a meta-regression comparing the effect

of MOMP vaccination on disease and chlamydial load comparing treated and control koalas (meta-regression of effect size, g by field trial, p = 0.892). Immune

cytokine measurements (fold gene expression relative to the housekeeping gene GAPDH) from vaccinated koalas 6 months post-vaccination were comparable

between the two studies after performing a non-parametric Wilcoxon rank sum test for IFNg or IL17 (p = 0.936, and p = 0.075, respectively). To better visualize the

data, the IFNg expression from one control koala (IFNg*) is excluded from the figure (2592.26 log fold expression), but included in all analyses. Only Waugh et al. (19)

measured the expression of both IFNg and IL17 from non-vaccinated control koalas. Additionally, no effect size could be estimated for ocular disease in the trial by

Waugh et al. (19) as all animals were clinically healthy at the ocular site.

additional models were made to assess the directionality between
(1) chlamydial load and these immune parameters, and (2)
these immune parameters and disease (hypotheses 3, 4, 5,
and 6). Only one immune parameter was included at a time
in each of the six hypothesized models so as to maintain
appropriate 10:1 sample size to variable ratios (36), resulting
in 30 different models. The data were separated by either the
urogenital or ocular site and tested in each hypothesized model,
which resulted in a total of 60 models tested. The ocular models
include ocular chlamydial load and disease status (e.g., ocular
conjunctivitis), and the urogenital models include urogenital
chlamydial load and disease status (e.g., cystitis or dilation of the
ovarian bursae).

Prior to model testing, we chose to standardize data from
all variables into a 0 to 1 scale to make all model coefficients
between all variables comparable within each model. Binomial
values were assigned to vaccination status (0 for non-vaccinated
and 1 for vaccinated), and ocular and urogenital disease status (0
for clinical disease absent or subclinical and 1 for clinical disease
present). Ocular and urogenital chlamydial load measurements
were placed in one of three ordinal categories from 0 to 1
depending on an untransformed qPCR result similar to those
used by Quigley et al. (30): (1) samples with no detectable qPCR
result were given a value of 0, (2) samples with ≤ 100 copies·(µL
of swab diluent tested)−1 were detectable but not quantifiable and
given a value of 0.5, and (3) samples with > 100 copies·(µL of
swab diluent tested)−1 were detectable and quantifiable and given
a value of 1. Finally, values for both IFNγ and IL17 expression
were transformed to a 0 to 1 scale by dividing each IFNγ or IL17
log fold expression measurement by the maximum IFNγ or IL17

log fold expression measurement, respectively, for all koalas in
both studies.

Structural equation modeling (SEM) requires an individual to
have all measurements for each variable tested in the model. We
first tested each of the 60 models for model fit using the fit indices
Root Mean Square Error of Approximation (RMSEA, absolute
fit index) and Confirmatory Fit Index (CFI, relative fit index)
described by Kline (37), and a Bollen-Stine Bootstrap for non-
parametric model fit [100 bootstrap draws; (38, 39)]. No further
analysis was performed for models that failed to fit the data using
these indices [CFI > 0.9; RMSEA < 0.05; Bollen-Stine p > 0.05;
(37, 38)]. Models that fit the data, however, were then compared
using Akaike’s information criterion corrected for small sample
sizes (AICc) and model weights (wi) were calculated (40, 41). All
models were tested using R statistical software [v3.5.3; (33)] using
the lavaan package (42).

Model Interpretation
A coefficient of determination (R2) was obtained for disease,
chlamydial load, and immune parameter expression for each of
the fitting models to estimate how well the model predicts each
of these variables within the model. All standardized relationship
coefficients (± 95% CI) were obtained for each path tested in
each of the fitting models. Standardized relationship coefficients
indicate the strength of the relationship (the magnitude of
the coefficient), direction of the relationship (e.g., positive
relationships indicate positive effects of one variable on another),
and how well each relationship is predicted (by the 95%
CI) by the model. We used standardized relationships in our
model interpretation so we could compare the magnitude of
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TABLE 1 | Six hypotheses of MOMP (major outer membrane protein) vaccination status (V. status), immune parameter (I.P.) mRNA expression, chlamydial load (C.L.), and

disease with explanations for each hypothesized model.

Hypothesis Model diagram Biological hypothesis Hypothesis Model diagram Biological hypothesis

1

Immune parameter expression

affects chlamydial load.

Immune parameter expression

and disease are unrelated.

4

Immune parameter expression

affects chlamydial load.

Immune parameter expression

up-regulated with disease.

2

Chlamydial load affects

immune parameter expression.

Immune parameter expression

and disease are unrelated.

5

Immune parameter expression

affects chlamydial load.

Immune parameter expression

leads to scarring and disease.

3

Chlamydial load affects

immune parameter expression.

Immune parameter expression

up-regulated with disease.

6

Chlamydial load affects

immune parameter expression.

Immune parameter expression

leads to scarring and disease.

Different models contain causal relationships assessed in different directions as indicated by the red arrows. The expression of one immune parameter was tested: interferon gamma

(IFNg), or interleukin 17 (IL17). All six hypotheses were tested using chlamydial load and disease data collected from either the ocular or urogenital sites (i.e., 24 different models

were tested in total). Arrows indicate the directionality of the relationship. Black arrows are relationships tested in only one direction, and red arrows indicate relationships tested in

both directions.

all relationships within each model. As some models contained
different sample sizes, care was taken not to compare relationship
coefficients (or R2) across unrelatable models (i.e., models that
do not contain the same variables). We defined strong model
relationships based on 95% CI and whether it crossed 0, the
threshold of an effect of an exogenous (predictor) variable on an
endogenous variable (response). As our models were similar in
complexity and limited by sample size, it was not uncommon
that more than one model fit the data. For multiple model
interpretation, we used model averaging to calculate model
averaged parameters (and variance, 95% CI) using the previously
described model weights [see Burnham et al. (41) for equation].

RESULTS

We first investigated the effects of MOMP vaccination 6 months
after the initial vaccination on chlamydial abundance and disease
at two important mucosal sites (ocular and urogenital) between
two Chlamydia vaccination trials using free-ranging koalas (19,
20). We estimated effect sizes (as Hedge’s g) for these responses
[see Methods; (22)] and found no evidence for a difference in
MOMP vaccination on chlamydial load (ocular and urogenital)
and disease (urogenital) between field trials (meta-regression, p
= 0.880; Figure 1A). A similar result was obtained when we
analyzed the effect of MOMP vaccination on disease (urogenital)
and transformed chlamydial load data (urogenital and ocular
being placed into one of three ordinal categories, see Methods;
meta-regression, p = 0.247). Estimations of heterogeneity were
low for pairwise measurements of urogenital chlamydial load (I2

= 0.000), ocular chlamydial load (I2 = 0.000), and urogenital
disease (I2 = 0.000). Additionally, we found measurements of
IFNγ or IL17 expression in vaccinated animals to be comparable

between the two experiments after performing a non-parametric
Wilcoxon rank sum test (IFNγ, p = 0.936; IL17, p = 0.075;
Figure 1B). As we found no evidence supporting a difference
between the two trials, we pooled the data to obtain sample sizes
sufficient to use in structural equation models.

The pooled data from the two trials resulted in a large
collection of data for MOMP vaccinated (n = 50) or control (n
= 46) wild koalas with recorded clinical disease status (control
or vaccinated with ocular disease n = 1, control or vaccinated
with urogenital disease n = 7; see Appendix 2) and measured
chlamydial load out to 6 months post-vaccination. Of these 96
koalas, a subset of animals had measurements of either IFNγ

(n = 40, n = 25 vaccinated koalas, n = 15 control koalas) or
IL17 (n = 36, n = 25 vaccinated koalas, n = 11 control koalas)
expression (see Appendix 2), and those that were missing these
measurements were removed from the analysis (n = 51 and n
= 55 for IFNγ and IL17, respectively). Of the 40 animals in the
IFNγ expression subset (inclusive of all animals in the subset with
IL17 expression), 13 animals had an ocular chlamydial load of ≥
100 copies·µL−1 (n = 7 vaccinated, n = 6 control) at baseline,
while 16 animals had an urogenital chlamydial load of ≥ 100

copies·µL−1 (n = 7 vaccinated, n = 9 control) at baseline. As
sample size was limited for this analysis, we could not exclude

animals with an infection at baseline nor could we introduce
another variable into our models. We focussed on models

with both immune parameters analyzed separately as structural
equation modeling requires robust sample sizes [i.e., ratio of
samples to variables analyzed = 10:1, (36); Appendix 3]. When
we tested the 6 hypotheses for both the ocular and urogenital
sites with either IFNγ or IL17 expression (Table 1), we obtained
multiple models that fit the data (Appendix 4). For multiple
hypothesis interpretation, we focussed on coefficients where the
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95% confidence interval did not overlap 0 [a strategy used in
other structural equation modeling studies such as Dorresteijn
et al. (43)]. Additionally, we used a model averaging approach to
determine if the direction and magnitude of these relationships
were consistent across multiple models.

Models With Ocular Chlamydial Load and
Disease: MOMP Vaccination Reduced
Ocular Chlamydial Load
All six models with ocular chlamydial load, disease, and IFNγ

expression fit the data (Appendix 4). We found that MOMP
vaccination had a negative effect on chlamydial load in koalas
(hypothesis 1, −0.286 ± 0.276; hyp. 2, −0.320 ± 0.300; hyp. 3,
−0.320 ± 0.288; hyp. 6, −0.320 ±0.259; Table 2). We obtained
the same result when all models were averaged together (model
average,−0.303± 0.300; Table 2 and Figure 2A).

Four models containing ocular chlamydial load, disease,
and IL17 expression fit the data (hypotheses 3, 4, 5, and
6; Appendices 4–6). Two of these hypotheses showed that
koalas receiving a MOMP vaccination tended to have a
lower chlamydial load (hypothesis 3, −0.320 ± 0.304; hyp.
6, −0.320 ± 0.314; Table 2 and Figure 2C), agreeing with
models containing IFNγ expression. Three hypotheses indicate
that MOMP vaccinated koalas produced more IL17 compared
to control koalas (hypothesis 3, 0.106 ± 0.065; hyp. 5, 0.166
± 0.104; hyp. 6, 0.130 + 0.100), and ocular chlamydial load
negatively predicted IL17 expression (−0.115± 0.102; hypothesis
6). Lastly, one hypothesis supported a relationship between
ocular disease and an increase in IL17 expression (0.832 ±

0.080, hypothesis 3; see Appendix 5 for ocular disease raw
data); this however, is complicated as only one koala developed
ocular disease after 6 months (IL17 fold expression compared
to glyceraldehyde 3-phosphate dehydrogenase, GAPDH= 43.21,
n = 1; see Appendix 5 for a comparison with other IL17
expression measurements). When all models were averaged, only
one relationship had a marginal effect (ocular chlamydial load
has an inverse relationship with IL17 expression;−0.052± 0.052;
Table 2 and Figure 2C).

Models With Urogenital Chlamydial Load
and Disease: MOMP Vaccinated Koalas
Reduced Chlamydial Load and Had More
IL17 Gene Expression Compared to
Control Animals
Four models with urogenital chlamydial load, disease, and
IFNγ expression that fit the data (hypotheses 3, 4, 5, and 6;
Appendices 4–6). When we investigated the coefficients for each
relationship across all urogenital models with IFNγ expression,
we found no clear relationships due to the large variance
for each coefficient. As a result, we found no clear support
for directionality or magnitude between IFNγ expression and
urogenital chlamydial load or IFNγ expression and urogenital
disease, though some relationships within these models were
trending. We found a trending relationship between MOMP
vaccinated koalas and a lower urogenital chlamydial load

compared to control koalas (−0.236 ± 0.265, Table 2 and
Figure 2B).

There were four hypotheses with urogenital chlamydial load
and disease and IL17 expression that fit the data (hypotheses
3, 4, 5, and 6; Appendix 4). There was clear evidence that
MOMP vaccinated koalas had a lower urogenital chlamydial
load compared to control koalas (hypothesis 3, −0.320 ± 0.261).
MOMP vaccinated koalas produced more IL17 compared to
control animals that was supported by all four hypotheses
(hypothesis 3, 0.112 ± 0.084; hyp. 4, 0.193 ± 0.149; hyp. 5, 0.166
± 0.110; hyp. 6, 0.115 ± 0.086; Table 2). These four hypotheses
also indicate that diseased koalas typically had a high chlamydial
load (hypothesis 3, 0.394 ± 0.361; hyp. 4, 0.563 ± 0.537; hyp. 5,
0.541 ± 0.386; hyp. 6, 0.541 ± 0.335; Table 2). Two hypotheses
indicate that when all koalas are considered (all 36 koalas from
both the control or vaccinated groups) with a high chlamydial
load tended to produce less IL17 compared to koalas with a
low chlamydial load (hypothesis 3, −0.244 ± 0.178; hyp. 6,
−0.161± 0.122; Table 2). Lastly, across all hypotheses, we found
no relationship between IL17 expression and urogenital disease.
When all urogenital models with IL17 expression were averaged
we found: (1) that MOMP vaccinated koalas produced more
IL17 compared to control koalas (0.145± 0.107), (2) koalas with
a high chlamydial load were more likely to develop urogenital
disease 6 months post-vaccination (0.506 ± 0.407), and (3)
koalas (both vaccinated and control) with a high urogenital
chlamydial load tended to express less IL17 mRNA compared
to koalas with a lower urogenital chlamydial load (−0.107 ±

0.084; Table 2 and Figure 2D). These structural equation models
therefore connect relationships among MOMP vaccination, IL17
expression, urogenital chlamydial load, and disease (Figure 2D).

DISCUSSION

There exist many unknown aspects surrounding chlamydial
vaccination in koalas primarily due to the difficulty in
obtaining samples and the cost for vaccine experiments. Much
of the underlying chlamydial biology, particularly complex
immunological responses to infections, is understood from
experiments using the mouse model or from in vitro cell
cultures. In the current study, data from two free-ranging
koala vaccination trials (both using the major outer membrane
protein, MOMP) were used to investigate the effects of MOMP
vaccination both directly and indirectly on the expression of
koala immune parameters, chlamydial infection, and disease.
Koalas were compared from either vaccinated or control groups
to evaluate vaccine efficacy given variability associated with
free-ranging outbred animals (see Methods). Despite sources of
variation in our data (numbers of koalas, use of outbred animals,
unknown number of sexual encounters, unknown infection
dates) there were clear relationships identified in our analyses
that provide unique insights into the effects of vaccinating
free-ranging koalas against Chlamydia, relative to unvaccinated
individuals in the population. In particular, this study has helped
establish one immune cytokine, IL17, may be an important
factor in MOMP vaccinated koalas, however, animals with high
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TABLE 2 | Standardized estimates (± 95% CI) for each relationship within all best fitting models identified (see Appendix 4 for model fit and weights).

Site Immune

parameter

Hypothesis/

Model

Average

MVS→ CL MVS→ IP CL→ Disease IP→ CL CL→ IP Disease→ IP IP→ Disease

IFNγ 1 −0.286 ± 0.276 −0.065 ± 0.137 −0.043 ± 0.078 0.531 ± 30.064 – – –

2 −0.320 ± 0.300 −0.038 ± 0.084 −0.043 ± 0.080 – 0.083 ± 0.165 – –

3 −0.320 ± 0.288 −0.039 ± 0.071 −0.043 ± 0.076 – 0.084 ± 0.135 0.016 ± 0.024 –

4 −0.285 ± 0.547 −0.066 ± 11.25 −0.045 ± 0.304 0.538 ± 167.043 – 0.024 ± 574.97 –

5 −0.286 ± 0.296 −0.065 ± 0.114 −0.044 ± 0.088 0.531 ± 41.195 – – 0.007 ± 10.653

6 −0.320 ± 0.259 −0.038 ± 0.080 −0.044 ± 0.084 – 0.083 ± 0.155 – 0.007 ± 14.876

Ocular Average −0.303 ± 0.300 −0.052 ± 0.659 −0.043 ± 0.091 0.266 ± 22.395 0.042 ± 0.081 0.002 ± 28.456 0.001 ± 1.250

IL17 3 −0.320 ± 0.304 0.106 ± 0.065 −0.049 ± 0.080 – −0.085 ± 0.089 0.832 ± 0.080 –

4 −0.253 ± 2.517 0.132 ± 8.159 0.010 ± 0.321 −0.402 ± 20.800 – 0.851 ± 296.338 –

5 −0.257 ± 0.343 0.166 ± 0.104 0.041 ± 0.057 −0.379 ± 0.388 – – 0.526 ± 0.604

6 –0.320 ± 0.314 0.130 ± 0.100 0.041 ± 0.057 – –0.115 ± 0.102 – 0.526 ± 0.570

Average −0.290 ± 0.846 0.131 ± 2.021 0.006 ± 0.129 −0.183 ± 5.092 –0.052 ± 0.052 0.457 ± 71.095 0.240 ± 0.305

IFNγ 3 −0.253 ± 0.296 −0.043 ± 0.080 0.347 ± 0.355 – 0.066 ± 0.108 0.116 ± 0.274 –

4 −0.226 ± 0.251 −0.060 ± 0.106 0.303 ± 0.416 0.429 ± 38.306 – 0.120 ± 0.208 –

5 −0.213 ± 0.251 −0.065 ± 0.135 0.267 ± 0.357 0.629 ± 26.074 – – 0.645 ± 23.189

6 −0.253 ± 0.261 −0.037 ± 0.096 0.267 ± 0.412 – 0.109 ± 0.216 – 0.645 ± 24.712

Urogenital Average −0.236 ± 0.265 −0.051 ± 0.104 0.298 ± 0.386 0.263 ± 16.549 0.043 ± 0.080 0.063 ± 0.130 0.299 ± 11.176

IL17 3 −0.320 ± 0.261 0.112 ± 0.084 0.394 ± 0.361 – –0.244 ± 0.178 0.208 ± 0.257 –

4 −0.183 ± 0.300 0.193 ± 0.149 0.563 ± 0.537 −0.821 ± 0.841 – 0.241 ± 0.357 –

5 −0.241 ± 0.343 0.166 ± 0.110 0.541 ± 0.386 −0.474 ± 0.541 – – 0.688 ± 0.737

6 −0.320 ± 0.321 0.115 ± 0.086 0.541 ± 0.335 – –0.161 ± 0.122 – 0.688 ± 0.792

Average −0.269 ± 0.308 0.145 ± 0.107 0.506 ± 0.407 −0.308 ± 0.398 –0.107 ± 0.084 0.114 ± 0.161 0.338 ± 0.435

MOMP vaccination status (MVS), immune parameter (IP; either IL17 or IFNγ expression), disease (either urogenital or ocular), and chlamydial load (CL; either urogenital or ocular) were

modeled to test the six hypotheses described in Table 1. Dashed lines represent untested relationships. Bold values represent strong relationships where a coefficient± 95% confidence

interval does not cross zero.

Model averages are determined using the model weights in Appendix 4 (see Methods for model weight equation).

chlamydial loads are expressing low amounts of IL17 and are
more likely to develop urogenital disease.

Two measurements of the koala immune response were
incorporated into themodels created in this study, IFNγ and IL17
expression. IFNγ, a T-cell secreted cytokine, is currently regarded
as one of most important cytokines in chlamydial biology (44).
Across all pre-clinical studies investigating a chlamydial vaccine
using various animal models (mice, non-human primates, cats,
pigs, guinea pigs etc.), there exists a common aim of eliciting
strong mucosal T-cell responses, particularly increases to IFNγ

concentration (18, 22). Though IFNγ is involved in multiple
immune pathways, IFNγ production leads to the enzymatic
degradation of tryptophan, effectively starving Chlamydia of this
essential amino acid (23). Some studies suggest that tryptophan
starvation may even cause C. trachomatis to enter a persistence
form (25, 45). Experiments conducted in vitro show that
elevated IFNγ concentrations prevent chlamydial growth in C.
trachomatis, but not C. pecorum (26). To our knowledge only one
study, beside the two reported in the current study, has reported
measurements of IFNγ expression and chlamydial load after
MOMP vaccination in diseased koalas ex vivo. Nyari et al. (46)
found that vaccination of captive koalas with MOMP (delivered
along with Tri-adjuvant) did not have a clear effect on systemic
IFNγ expression ex vivo despite a reduction in ocular disease

among seven koalas (pre-vaccination compared to 6 weeks post-
vaccination, n= 7). It is certainly possible thatC. trachomatis and
C. pecorum have differing sensitivities to IFNγwhichmay explain
why measurements of koala IFNγ expression had no relationship
with chlamydial load in any of our models (either ocular or
urogenital; Table 2 and Figures 2A,B). These measurements of
IFNγ expression contain large amounts of variance that can be
seen in the raw data (Appendix 6). The average log transformed
IFNγ measurement between the non-vaccinated and vaccinated
groups were similar, 1.378 ± 0.918 (95% CI, n = 16) and 1.445
± 0.430 (95% CI, n = 25), respectively. Additionally, IFNγ

measurements have been shown to be dependent on the stage
of chlamydial infection in mice (47) and non-human primates
(48), something that is currently uncontrollable in trials using
free-ranging koalas. More longitudinal studies are needed to
determine if IFNγ expression is a key factor in protection against
C. pecorum infection in free-ranging koalas.

In contrast, models with IL17 expression indicated that
koalas that typically had higher ocular and urogenital chlamydial
load tended to have low levels of IL17 expression, 6 months
post-vaccination (Table 2 and red arrows in Figures 2C,D).
Experiments using IL17 knockout mice have shown that IL17
is a factor in both protection (49) as well as pathogenesis
(50). IL17 is a pro-inflammatory cytokine secreted mainly from
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FIGURE 2 | Summary figure of averaged models in Table 2 for ocular (A,C) and urogenital (B,D) data tested with either the expression of IFNγ (A,B) or IL17 (C,D) 6

months post-vaccination. Red and blue lines represent relationships with a negative or positive coefficient, respectively, where the coefficient and its variance (95% CI)

did not cross 0 (i.e., the threshold of effect). Very small gray lines represent tested relationships in the averaged model where coefficients and its variance (95% CI)

crossed 0. The number of hypotheses with a clear relationship (where the coefficient and its 95% CI did not cross 0) between two variables are listed in parentheses.

Care should be made in the interpretation of this summary figure as it does not represent the results from any single model, but across all best fitting models using a

model averaging approach. The directionality and magnitude of each coefficient shown in this figure are supported by significant coefficients (i.e., coefficients with

95% CIs that do not cross 0) obtained from the averaged models in Table 2. V. status, MOMP vaccination status; C.L., chlamydial load; Disease, chlamydial disease.

T cells and has many functions in response to chlamydial
infection. In the wild type mouse model and in vitro experiments,
IL17 has been shown to work synergistically with IFNγ to
inhibit C. muridarum growth by increasing the expression of
inducible nitric oxide synthase (iNOS) and indirectly increasing
antimicrobial nitric oxide [promoted by iNOS; (27)]. Indeed,
iNOS has been shown to be up-regulated in human patients
suffering from ectopic pregnancies associated withC. trachomatis
infection (28). In koalas, one study reported the IL17a response
from koala PBMCs to be higher in clinically diseased animals
(n = 12) compared to subclinical animals [n = 29; (51)]. Three
studies since have measured free-ranging koala IL17 response to
chlamydial vaccination. In the first, Khan et al. (52) focussed
on non-diseased koalas that tested negative for Chlamydia,
finding that IL17 expression increased with MOMP vaccination
when compared to pre-vaccination levels. The second and third,
Waugh et al. (19) and Desclozeaux et al. (20), were included
in our current analysis. One additional study using captive
koalas with ocular disease reported comparable measurements of
IL17a expression between koalas at pre-vaccination and 6 weeks
post-vaccination (n = 7), even though there was improvement
of ocular disease scores among the cohort at 6 weeks post-
vaccination (46). In our current analysis, we found that koalas
vaccinated with MOMP tended to have higher IL17 expression
6 months post-vaccination compared to non-vaccinated koalas
in models based on urogenital data (Figure 2D). This was
supported by three hypotheses (out of four) based on ocular
data (Table 2). This increase can be seen by inspecting the raw
data as the average log transformed expression of IL17 was

higher in vaccinated compared to non-vaccinated groups, 1.616
± 0.430 (95% CI, n = 25) and 0.462 ± 0.279 (95% CI, n =

12), respectively (Appendix 6). Additionally, we found no clear
evidence for a direct relationship between IL17 expression and
either ocular or urogenital disease that developed 6 months post-
vaccination. Interestingly, the directionality of the relationship
between chlamydial load and IL17, suggests that IL17 expression
is dependent on chlamydial load. Perhaps animals with a high
chlamydial load are unable to express IL17 or, more likely,
are producing an immune response without IL17 when a high
abundance of Chlamydia is present. Indeed, IL17 is one immune
variable among many others that are part of a complex immune
response to Chlamydia and its expression may or may not be
a major factor in reducing chlamydial growth and preventing
pathogenesis. More work needs to be done to determine if IL17
expression is linked to the reduction of chlamydial load and
protection against disease in koalas.

Both Waugh et al. (19) and Desclozeaux et al. (20) evaluated
the effect of MOMP vaccination on subsequent chlamydial
disease, using univariate statistical methods. Waugh et al. (19)
found that fewer koalas developed disease after 12 months in
the MOMP vaccinated group (1 of 23 koalas) compared to
control animals (4 of 27 koalas). This result, however, was not
statistically significant (X2 = 1.512, p = 0.363) likely owing to
the fact that many chlamydial infections remain subclinical and
that the total sample size (n = 50) may have been too small
to determine a statistically significant effect of vaccination on
disease. Desclozeaux et al. (20) found that fewer koalas in the
MOMP vaccinated group developed chlamydiosis (either ocular
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or urogenital chlamydial disease) compared to control koalas (0
of 21 and 3 of 21 for MOMP and control koalas, respectively);
this comparison showed a trending (p < 0.1) effect between
groups (X2 = 2.813, p= 0.093). Desclozeaux et al. (20) also found
that six MOMP vaccinated koalas, with a detectable chlamydial
infection recorded at pre-vaccination, reduced their chlamydial
load (in either the ocular, urogenital or both sites) 6-months
post-vaccination (6 of 21 koalas), and this effect was statistically
significant compared to control koalas (0 of 21 koalas; p= 0.048).

By combining data from both trials, we were able to
expand upon these analyses by introducing additional realistic
complexity using structural equation models. Preliminary
structural equation models indicated that a direct relationship
between MOMP vaccination status and subsequent disease
development failed our fitting criterion. Given this result, we
created models where MOMP vaccination status indirectly
affected disease status 6 months post-vaccination through
direct relationships with either chlamydial load or an immune
parameter. Ideally, we would have included both IFNγ and
IL17 expression in the same models, but sample size limitations
(having individual koalas in each group measured for all
variables: IFNγ, IL17, infection load, disease status) prevented
models with this level of complexity and, hence, we adopted
a IFNγ or IL17 expression SEM approach. An additional
ramification of our sample size limitation was that we were
unable to exclude animals with baseline infections (animals with
an ocular chlamydial load of>100 copies·µL−1, n= 7 vaccinated
and n = 6 control; or urogenital chlamydial load of >100
copies·µL−1 n = 7 vaccinated and n = 9 control) nor were we
able to include this as a variable within our models. Multiple
models using ocular data and one model using urogenital data
(Table 2) indicated that MOMP vaccination status had a direct
negative effect on chlamydial load. These effects, however, were
lost when we averaged all the urogenital models together. It is
possible that given a larger sample size, we could have detected an
effect. We performed a power analysis to determine the necessary
sample size to detect a univariate effect of MOMP vaccination
on urogenital chlamydial load. After estimating an effect size
(Cohen’s d) to estimate the effect of MOMP vaccination on
urogenital chlamydial load (31), we found that a sample size of
117 koalas would be necessary to have an 80% chance of detecting
an effect at a significance level of 0.05. This finding suggests that
an effect might be obtained if a large-scale study included nearly
three times the number of koalas that were used in our analysis.

In this study, we adopted a cross-sectional experimental
design that focussed on control vs. vaccinated koalas at 6 months
post-vaccination from which to implement our models. We
chose this study design because research has shown koalas can
become infected with C. pecorum and exhibit disease year-
round. Therefore, background variation in individual parameters
(immune factors, genotype, season sampled, etc.) appears
insufficient to protect koalas from infection or disease, and the
effect of a vaccine on immune parameters would most likely
need to exceed normal background variation observed. We
also acknowledge other valid study designs could be utilized.
A common design for data similar to ours is to compare the
change in variables over time (pre to post-vaccination) between

the control and vaccinated groups. Although this is a valid
approach, in our study system we chose not to adopt the change
in variable approach for the reason described above, and because
a vaccination effect (relative to controls) could be observed at the
cohort level and still be within background variation. While not
the determining reason, we do also acknowledge that utilizing
a change in chlamydial load or host immune expression from
baseline would further reduce the sample size for analyses (n
= 3 for each model) in our study. Future research with a
greater sample size of koala could consider a comparison of
these designs, or the extent to which individual responses to
vaccination over time are repeatable.

Chlamydial load is among one of several factors that affect
disease pathogenesis in free-ranging koalas (30). Specifically,
Quigley et al. (30) found that measurements of chlamydial
load (separated into 3 ordinal categories of severity) are strong
predictors of urogenital disease, but not ocular disease. In
our current study, we also found that koalas that developed
urogenital chlamydial disease had a higher chlamydial load as
compared to non-diseased animals when the data were modeled
with IL17 expression. We did not detect this effect in models
of ocular chlamydial load and disease, though this was likely
due to a low prevalence of koalas with ocular disease (n =

1). Previous studies have suggested that disease pathogenesis in
koalas is complex (21, 53). Three out of four of our averaged
models (Figures 2B–D) excluded Hypotheses 1 and 2, possibly
suggesting that immune parameter and disease are related,
however this remains unclear as only one relationship was
significant (ocular chlamydial load and IL17; see Table 2). A large
amount of variation in the prevalence of urogenital disease 6
months post-vaccination remains unexplained from even our
best models (R2 = 0.268). Including more factors that are
currently associated with disease pathogenesis, including koala
retrovirus (KoRV) status, may improve the predictability of
these models.

CONCLUSIONS

In this study, we used structural equation models to identify
direct and indirect relationships underpinning vaccination
against chlamydial disease in free-ranging koalas. The use of
structural equation modeling has previously been applied to
identify complex factors influencing disease pathogenesis in
koalas (30). One factor, urogenital chlamydial load, was positively
associated with urogenital disease prevalence, agreeing with the
findings of Quigley et al. (30). We found that MOMP vaccination
may indirectly affect the development of urogenital disease
in koalas by inhibiting the growth of Chlamydia (i.e., lower
chlamydial load compared to control koalas). IL17 expression
is one immune parameter that was increased in MOMP
vaccinated koalas as compared to control koalas. Chlamydial
load was a negative predictor of IL17 expression, suggesting
that hosts express this cytokine less in response to chlamydial
growth. Collectively, the structural equation models in this
study highlight the importance of considering vaccine-immune-
chlamydial load-disease relationships in a single analysis that
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can be performed in future studies of novel correlates of
protection against Chlamydia. Lastly, more studies using free-
ranging animals may be needed to determine the effect of
multiple immune parameters on chlamydial load and disease
and may make it possible to detect a direct effect of MOMP
vaccination on chlamydial load.
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