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Progress

At the previous ARA workshop, case study #8 was well received by the panel and a recommendation was made to move forward toward publication.   Just prior to the previous workshop, in September 2010, a separate workshop on "Dose-Response Approaches for Nuclear Receptor-Mediated Modes of Action" convened an expert panel to evaluate the MOA/Human Relevance framework applied to the aryl hydrocarbon receptor (AHR) for rodent liver tumorigenesis (TERA, 2010; Schrenk et al., 2011).

The AHR expert panel concluded that sustained AHR activation was a key event in the MOA and that it would be possible to identify NOELs for induction of xenobiotic metabolizing enzymes (XME) and other downstream effects.  Following discussion, the panel members concluded that TCDD acts via a nonlinear tumor promotion MOA with sustained AHR activation as the pivotal Key Event (KE).   The other Key Events were increased cell proliferation/decreased apoptosis, a set of histopathological changes referred to as toxic hepatopathy, and oval/liver stem cell proliferation (Figure 1).  
These KEs can be identified with three of the hallmarks of cancer; specifically, sustained AHR activation leads to liver toxicity and “sustained proliferative signaling”; increased proliferation and decreased apoptosis embody the ideas of “resisting cell death” and “evading growth suppressors”; and, oval/stem cell hyperplasia also reflects “sustained proliferative signaling” (Hanahan and Weinberg, 2011).
The AHR panel indicated that hepatocellular adenomas were associated with the occurrence of multinucleated hepatocytes and that cholangiocarcinomas were associated with oval cell hyperplasia.  In addition to these KEs, the panel also identified Associative Events (AEs) and Modulatory Factors (ModFs) with roles in the tumor promotional MOA.  Following discussion and deliberation, the panel reached agreement that the MOA for both hepatocellular adenoma and cholangiocarcinoma was likely to be nonlinear (TERA, 2010; Schrenk et al., 2011).
The results of the AHR expert panel with regard to the nonlinearity of both initial and late KEs, and the apical effects indicate that Conceptual Model 2 in the “Silverbook” is most appropriate for TCDD (NRC, 2009).  Endpoints in rats identified as KEs by the AHR panel as well as a human in vivo endpoint are examined here with Conceptual Model 2.  Ideally, endpoints in relevant human tissues in vitro will also be included to support the transition to in vitro methods recommended by Toxicity Testing in the 21st Century (NRC, 2007).

There is no evidence for species concordance of these two apical effects (the two liver cancers) between rodents and humans (Schrenk et al., 2011; EPA, 2011).  In addition, the sensitivity of the human AHR is much less than that of rodents (Budinsky et al., 2010).
This progress report does not include updates to Conceptual Models 1 and 3.  The AHR expert panel chose Key Events different than the endpoints selected for the original case study and also indicated AHR-mediated responses were nonlinear.  Hence, a two-pronged approach is envisioned for this work.  The first prong will be an exploration of the differences in the three Conceptual Models using the rodent endpoints identified by the AHR expert panel with the methods presented in October 2010.  It is important to note that this will be a methods paper focusing on the three Conceptual Models with models 1 and 3 presented as methological examples only.  The second prong will be a comparison of rodent and human endpoints using the endpoint of chloracne and will include a comparison of results from in vivo and in vitro measures in humans to support the transition to 21st Century Toxicity Testing.
Problem Formulation
The problem formulation has three explicit goals:

· To develop toxicity criteria using the methods in NRC (2009);
· To use these criteria to assess current dietary and soil exposure; and
· To provide an example of how in vitro data can be incorporated into a risk assessment consistent with the goals of 21st century toxicity testing.
Description of Conceptual Model 2 
The “Silverbook” defines Conceptual Model 2 as low-dose nonlinear individual and nonlinear population response, low-dose response independent of background (i.e., a threshold response for which a reference dose is most appropriate) (Figures 2 and 3).
Low Dose Extrapolation

Low dose extrapolation was conducted here in the same fashion as discussed in Hattis et al. (2002) and shown in Box 5-3 of NRC (2009) except that the Johnson SB (JSB) distribution was used instead of a lognormal distribution to represent both uncertainty in the internal dose associated with a given endpoint and variability in the external dose. The JSB distribution was selected because it incorporates a lower limit (Flynn, 2006, 2007; Johnson et al., 1994).  For this reason, the use of the JSB distribution is more consistent (although less mathematically convenient) with the assumptions of Conceptual Model 2 than is the use of the lognormal distribution.

Briefly, in Hattis et al. (2002), probability density functions of uncertainty factors were used to obtain a lognormal distribution of human susceptibilities.  In contrast, JSB distributions representing the range of human susceptibilities were used here.  These JSB distributions were derived for the various endpoints and expressed as serum TCDD (internal dose).  These distributions were then divided by a lognormal distribution representing the human toxicodynamic uncertainty factor based on data from human tissue studies (Xu et al., 2000; Silkworth et al., 2005; Budinsky et al., 2010).  A probabilistic toxicokinetic model was then used to obtain a distribution representing human variability in oral dose (external dose) at a range of levels of uncertainty.  The percentiles of variability in oral dose are then fit to a JSB distribution and a low percentile (e.g., 1 in 100,000) is selected.  Hence, Conceptual Model 2 obtains the one-in-100,000 percentile of a distribution of variability in the RSD in humans; calculation of this low percentile value represents low dose extrapolation in Conceptual Model 2.  The central value and 90% confidence interval in the uncertainty domain at this low percentile provide the RfD metric presented in Hattis et al. (2002) and in Box 5-3 of NRC (2009).

Brief Summary of the Methods and Results

One of the key features of this dose response evaluation for TCDD is the use of a biomarker of effect as a dose metric.  AHR activation level expressed on a scale of zero to one, i.e. fractional AHR activation, is that biomarker.  This allows the mapping of key events and apical endpoints onto this early biomarker that was identified as the pivotal Key Event in the tumorigenic MOA in rodents (TERA, 2010; Schrenk et al., 2011). 

 All calculations were performed in a probabilistic fashion using Monte Carlo simulation.  For back-extrapolation to a human external dose, a probabilistic implementation of Concentration- and Age-Dependent Model (CADM) was used (Aylward et al., 2004).  This exploration has enabled a quantitative assessment of variability and uncertainty associated with the toxicity criterion for TCDD.

In addition to the cancer endpoints identified in rats, the observed threshold serum concentration for chloracne of 1000 ppt-lipid was also used as the basis for an RfD derived with Conceptual Model 2 (Abraham et al., 2002; Guzelian et al., 2006; Coenraads et al., 1999).  The chloracne endpoint was included here because cancer may not be a relevant endpoint in humans (Schrenk et al., 2011; Chopra and Schrenk, 2011).  Also in regard to cancer in humans from TCDD, one member of the EPA Science Advisory Board that reviewed EPA’s recent dioxin reanalysis document indicated that cancer was not an appropriate endpoint for humans (EPA, 2011).

EPA took pains in the Reanalysis document to point out that despite the voluminous literature on the differences in sensitivity between humans and animals, these differences could not be incorporated into a TCDD risk assessment because in vitro data did not meet the “burden of proof” for use in interspecies extrapolation (EPA, 2010).  This is one reason that in vivo human data is examined here.  Human evolution and the dietary switch to carnivory occurring about 1M years ago likely accounts for encephalization and brain evolution in humans and also why humans are less sensitive to dioxin-like chemicals than rodents or non-human primates (Foley and Lee, 1991; Wrangham et al., 1999; Milton, 2003; Simon, 2010).  

Estimates from rats of points of departure (PODs) for cholangiocarcinoma, hepatocellular adenoma, multinucleated hepatocytes and oval cell hyperplasia were expressed as distributions of fractional AHR activation levels.  These AHR activation levels were converted to serum TEQ values in humans expressed as ppt-lipid based on the relationship between dioxin exposure and induction of xenobiotic metabolizing enzymes (XME) measured with the caffeine breath test and CYP1A1 mRNA expression in skin (Abraham et al., 2002; Lambert et al., 2006; Coenraads et al., 1999; Tang et al., 2008).  In addition, the estimate of serum TEQ levels corresponding to the identified threshold for chloracne was also used as an endpoint (Abraham et al., 2002; Guzelian et al., 2006).  
For endpoints in rats, the serum TEQ levels for all endpoints were divided by a human intraspecies toxicodyamic chemical-specific adjustment factor (CSAF) and back-extrapolated to a distribution of human external doses with the probabilistic CADM.  For the chloracne, this CSAF was not used, as it would be accounted for by the observations in humans in vivo (Abraham et al., 2002; Guzelian et al., 2006).
The reference dose estimates from Conceptual Model 2 provided here are expressed as RSDs, but they can be thought of as distribution of the reference dose (a protective estimate of the no-effect level) throughout the human population.  In general, Science and Decisions recommends the use of RSDs for risk assessment purposes because RSDs contain information about both variability and uncertainty (NRC, 2009). 
EPA’s recent reanalysis document (EPA, 2010) recommended a risk-specific dose of 0.1 pg/kg/d corresponding to 1 in 10,000 risk.  In contrast, the table below shows the results from Conceptual Model 2 for three levels of protection of a target population (90% CI shown in parentheses) to allow for comparisons.  The corresponding values for the chloracne endpoint are also shown.  The values shown in the table below are preliminary and may change as the planned publication moves forward.  A graphic representation of these results is shown in Figure 4.
	
	Endpoint

(For Concepual Model 2, the risk level represents the chance of exceeding the threshold for AHR dysregulation)
	RSD at 

1-in-a-million 

Risk Level

(pg/kg-d)
	RSD at

1-in-100,000 Risk Level

(pg/kg-d)
	RSD at 

1-in-10,000 Risk Level

(pg/kg-d)

	Endpoints in Rats

	Multinucleated Hepatocytes
	10% response in rats
	230
(50– 450)
	260
(66 – 490)
	300
(90 – 560)

	Oval Cell Hyperplasia
	10% response in rats
	670
(130 – 1700)
	710
(150 – 1800)
	800
(200 – 2000)

	Hepatocellular adenoma
	1% tumor response in rats
	1900
(540 – 4000)
	2000
(590 – 4200)
	2300
(680 – 4700)

	Cholangiocarcinoma
	1% tumor response in rats
	890
(220 – 2600)
	950
(250 – 2800)
	1100
(300 – 3100)

	In Vivo Endpoint in Humans

	Chloracne
	1000 ppt-lipid in serum from Abraham et al. (2002) 
	129
	130
	133


An RfD for TCDD with a value of 100 pg/kg/d (1E-07 mg/kg-d) is recommended.  Because chloracne is a threshold effect (as reflected in the use of the JSB distribution), the RSD values for very low percentiles, such as 1E-06, tend to cluster around the lower end of the distribution.  A value of 100 pg/kg-d would be protective of all endpoints at the 1E-05 risk level with a level of confidence greater than 80%.  A value of 100 pg/kg-d would be protective of all endpoints at the 1E-06 level based on the median RSD estimates.  The results in the table above suggest that the RSD values derived from rodents based on multinucleated hepatocytes might not be protective of chloracne; the lower confidence limit for the RSDs between 1E-06 and 1E-04 are less than the values derived for chloracne.   
The median RSD represents the individual with median or 50th percentile susceptibility.  For the chloracne endpoint, this value is 750 pg/kg-d.  Application of the default uncertainty factor for human variability of 10 and rounding to one significant figure would give a value of 80 pg/kg-d.  This value is very close to the suggested value of 100 pg/kg-d and is also within the range of uncertainty of doses protective for both cancer and chloracne.
To further the goals of Toxicity Testing in the 21st Century (NRC, 2007), an examination of in vitro responses associated with chloracne is planned.  To date, only two dose-response evaluation of effects in normal human keratinocytes have been found (Sutter et al., 2009, 2010; Berkers et al., 1995). Nonetheless, the effect of TCDD on human keratinocytes is an active area of research and additional data may be available in the near future (Hankinson, 2009).
Effect on Soil Screening Levels and Comparison with  Dietary Exposure
In 2009, EPA recommended an interim soil PRG for dioxin of 72 parts per trillion (ppt) based on noncancer endpoints (EPA, 2009).  Using the RSD value of 100 pg/kg-d, the corresponding PRG value would be 7 parts per billion (ppb), almost an order of magnitude greater than than the value of 1 part per billion developed by Kimbrough et al. (1984) that serves of the basis of EPA’s 1998 residential screening level for dioxin (EPA, 1998).  Ideally, to be consistent with the “Silverbook,” one would use distributions of toxicity and exposure factors to develop a distribution of soil cleanup levels in a fashion similar to that of Kirman et al. (2011).

Regarding dietary exposure, the current estimates of TEQ intake in the United States and Europe are below 1 pg/kg-d, a margin of exposure of 100 with the suggested RSD (Windal et al., 2010; Lorber et al., 2009).
Comparison with other values

Simon et al. (2009) developed a reference dose for TCDD based on combined liver tumors in rats that included application of a CSAF of 0.1 to account for the lower sensitivity of the human AHR; this value was also 100 pg/kg-d.   This value is available on International Toxicity Estimates for Risk Assessment (ITER) (TERA, 2011).  This value is much higher than values proposed by EPA or by the World Health Organization.
Overall Strengths and Weaknesses of These Methods

For all chemicals, not just TCDD, the use of linear low dose extrapolation is inconsistent with the body of biological knowledge about the maintenance of homeostasis, the principles of physical chemistry of reactions of xenobiotics with biological molecules, and the growing body of dose response data using newer high throughput data and a systems biology conceptual approach.  Indeed, the majority of biological data on dose-response suggests that most chemicals, including genotoxic carcinogens, exhibit a dose threshold.  Because the toxicity associated with dioxin-like chemicals is receptor-mediated, linear low-dose extrapolation is inconsistent with the scientific consensus regarding the MOA for DLCs (Schrenk et al., 2011).  Linear low dose extrapolation was adopted for chemical risk assessment by analogy to radiation risk assessment; this adoption occurred at a time when DNA repair was not generally known (Swenberg et al., 1987; Smith and Kao, 2004).  Unfortunately, regulatory science has never caught up (Calabrese, 2009).

One limitation with the methods used here is the requirement for data and expertise in computational methods.  For the majority of chemicals, one would envision a different approach that is less reliant on a large amount of data and less computationally intensive.   These limitations notwithstanding, this case study provides an example of these data requirements and methods 

Data Requirements for Application of These Methods

To implement these methods, one needs quantitative information in both humans and the animal test species about the dose dependence of the biomarker of effect, here, fractional AHR activation.  This requirement will likely be met for an increasing number of chemicals as the transition away from whole animal testing to in vitro methods proceeds; this transition is the vision of Toxicity Testing in the 21st Century (NRC, 2007).  In addition, the dose dependence of the apical endpoint in the test species will be needed to perform the biomarker mapping.  If the risk assessment is based on human data, then information on the background levels of the biomarker of effect will be needed as well as the dose-dependence of both this biomarker and the endpoint of concern.  High-quality in vitro data on biomarkers of effect are becoming increasingly available.  At present, phenotypic anchoring of this data with key events or apical endpoints in whole animals is still required.  

To obtain a credible dose response assessment from the “Silverbook” methods, it is likely that some human data will be needed within the range of human exposures and regulatory concern.  Ideally, high quality in vitro data from both human and animal cells or tissues will be available and the data will be relevant to the MOA.  With such data and the use of a biomarker of effect as a functional dose metric, it will become possible to extrapolate from in vitro to in vivo, from animals to humans, and between different human sub-populations.  In time, the use of whole animals in toxicity testing will become a thing of the past.

Incorporation of NRC Recommendations

The recommendations in the ARA Case Study Guidance are addressed to varying degrees.  The matrix below provides a qualitative summary of how well the recommendations were addressed.

	Recommendation
	Response

	A - Describe the dose-response relationship in the dose range relevant to human exposure?
	The current levels of human exposure are around 1 pg/kg-d.  This dose-response assessment provides estimates 100 fold greater (Lorber et al., 2009)

	B – Address human variability and sensitive populations?
	Human variability in both toxicodynamics and toxicokinetics are addressed. It is unlikely that sensitive human populations exist for the effects of TCDD.

	C - Address background exposures or responses?
	Background exposure and background processes are unlikely to be of import (Schrenk et al., 2011).

	D - Address incorporation of existing biological understanding of the likely mode of action?
	The MOA for TCDD has been recently established by an expert panel and is incorporated into the dose-response assessment (Sc.hrenk et al., 2011)

	E - Address other extrapolations, if relevant – insufficient data, including duration extrapolations, interspecies extrapolation?
	A biomarker of effect for extrapolation was used for intraspecies toxicodynamics.  A toxicokinetic model was used for interspecies extrapolation.  An extrapolation for duration was not needed.

	F – Address uncertainty
	Both uncertainty and variability were explicitly included

	G - Allow the calculation of risk (probability of response for the endpoint of interest) in the exposed human population?
	The table above provides some preliminary values for risk-specific doses from Conceptual Model 2.  Information will be provided in the publication to enable calculation of the RSD and the associated confidence interval for any risk level.

	H - Work practically?  If the method still requires development, how close is it to practical implementation?
	This method, while complex, is workable.  It will be important for other evaluations to provide sufficient information such to enable others to apply the dose response assessment to particular target populations with flexibility in choosing the level of protection and associated confidence interval.


Progress and Future Plans
This summary report provides an overview of the progress made since the last ARA meeting.  Submission of these results for publication in the general scientific literature is planned subsequent to the publication on the findings of the AHR expert panel on the mode of action of TCDD.
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Figure Legends

Figure 1.  Mode of Action of Liver Carcinogenesis in Rats by TCDD.  A separation was made by the AHR expert panel between hepatic and biliary tumors.  Oval cell hyperplasia may be involved with both tumors but this is not definitely known.  Hepatopathy and the occurrence of multinucleated hepatocytes were considered to be associated with hepatocellular adenomas.  Oval cell hyperplasia was considered to be associated with bile duct tumors.  The pivotal key event of sustained AHR activation could be measured by associative events of AHR-dependent gene expression and enzyme induction.
Figure 2.  Flow Chart for the implementation of Conceptual Model 2. Top row:  Rat BMD values from Simon et al (2009) were considered as NOAELs and used to obtain distributions expressed as fractional AHR activation (fAHR).  Second row: rat NOAELs were expressed as serum TEQ using the Hill model. Last row:  The resulting TEQ distribution was adjusted for human toxicodynamic variability and the CADM was then used in the variability dimension of a 2D Monte Carlo simulation to obtain percentiles of variability.

Figure 3. Flow Chart for the implementation of Conceptual Model 2 for Human In Vivo and In Vitro Data.  The value of 1000 ppt-lipid from Abraham et al. (2002) and supported by data in Coenraads et al. (1999) was used as a starting point for back-extrapolation with the CADM to obtain RSDs.  The estimates of PODs from in vitro data have not yet been performed but is planned for the publication and the method is included in this figure.
Figure 4.  Risk-Specific Doses resulting from the various rat endpoints and human in vivo endpoints.  Box plots showing a comparison of RSDs at 1E-05 for the four endpoints in rats.  The dashed line shows the RSD of ~130 pg/kg-d derived from the value of 1000 ppt-lipid (Abraham et al., 2002).  The solid line shows the WHO TDI of 2.3 pg/kg-d.
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