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The accuracy of extended histopathology to detect immunotoxic
chemicals in female B6C3F1 mice was evaluated under the auspices
of the National Toxicology Program (NTP). A workgroup was
formed consisting of four pathologists who conducted extended
histopathological evaluation of lymphoid tissues obtained from a
subset of NTP toxicology studies, in which previously detailed
immunotoxicity assessment was performed. In addition, a positive
control data set of three known immunosuppressive agents, one
negative control data set, and an additional negative control
group composed of the vehicle only treated groups were included.
Data obtained from extended histopathology evaluations were com-
pared to more traditional immune test results (both functional and
nonfunctional) from previously conducted immunotoxicity assess-
ments. Analyses of the data indicated that the ability to identify
immunotoxic chemicals using histological endpoints decreased lin-
early as the level of stringency used to determine significant histo-
pathological changes increased. A relatively high (80%) accuracy
level was achieved when histological changes were considered in toto
(i.e., any histological abnormality in the three tissues examined),
using minimal or mild criteria for scoring. When minimal or mild
histological changes were considered significant for a specific tissue,
a 60% level of accuracy in identifying immunotoxic chemicals was
obtained as compared to a 90% accuracy level that was achieved
with this data set using the antibody plaque forming cell response,
considered to represent the most predictive functional test. A mini-
mal classification was obtained in the analyses of the negative con-
trol groups, suggesting that use of the minimal classification for
hazard identification is inappropriate as it will likely result in a
high incidence of false positives. This was not the case when mild
classifications were used as an indicator of significance, which in
most instances allowed the successful identification of negatives.
When moderate to marked histopathological changes were used
to identify immunotoxic chemicals, the level of accuracy that
could be achieved was poor. A considerably higher level of accuracy
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was obtained for the positive control data set than the test chemical
data set suggesting that the ability to detect an immunotoxic agent
histologically is proportional to the potency of the immunotoxic
agent. Comparison of immune function test results and histopatho-
logical results obtained from the high-dose treatment groups and the
lower-dose treatment group did not reveal any significant differ-
ences between the two endpoints to predict immunotoxicity as a
function of dose. Of the three lymphoid organs examined, (i.e.,
lymph node, thymus, and spleen), the most consistent and discern-
ible histological lesions were observed in the thymus cortical region.
These lesions correlated with thymus: body weight ratios and to a
slightly lesser extent, the antibody plaque forming cell response.
Addition of general toxicological endpoints such as body weight
and leukocyte counts did not significantly improve the sensitivity
of extended histopathology for this data set. Taken together, these
data suggest that, while not as sensitive as functional analyses,
extended histopathology may provide a reasonable level of accuracy
as a screening test to identify immunotoxic chemicals, provided the
level of stringency used to score histological lesions is carefully
considered to allow for detection of immunotoxic agents while
limiting false positives.

Key Words: extended histopathology; immunotoxicity; screening
tests; B6C3F1 mice; safety assessment.

Just as a well-functioning immune system is central to good
health, maladaptive immunological alterations may influence
the etiology, progression, and/or severity of a broad range of
disorders that include infectious diseases, certain cancers, auto-
immune disease, and chronic inflammatory disorders. As such,
development of sensitive measures of the immune response in
humans and experimental animal models is of continuing inter-
estnot only to those in the fields of immunotoxicology and safety
assessment, but also to investigators in the areas of AIDS,
geriatric immunology, allergy, neuroimmunology, and rheuma-
tology. Attempts to establish immune measures has led some
investigators to propose the use of extended histopathology
assessment, which involves a detailed examination of key pri-
mary and secondary lymphoid organs in experimental animals
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for chemical-induced lesions. Extended histopathology, alone or
in combination with other standard subchronic toxicity tests,
could provide an opportunity to readily assess immunotoxicity
as part of routine toxicology studies without the need to conduct
special tests or incorporate additional animals as is commonly
suggested (Hastings, 2002; ICICIS, 1998; OECD, 1995,
USEPA, 1998). However, since extended histopathology does
not directly measure immune function, i.e., response to antigenic
stimulation, there is considerable debate regarding its predictive
value.

To help determine the utility of the extended histopathology
approach a validation effort was initiated under the auspices of
the National Toxicology Program (NTP), in which a workgroup
consisting of four pathologists was formed to conduct extended
histopathology using a previously recommended protocol
(Kuper et al., 2000). This evaluation was conducted on 10 dif-
ferent test chemicals, previously evaluated in depth by the NTP
for functional immunotoxicity and published elsewhere (Burns
et al., 1994; Cao et al., 1990; Karrow et al., 2000a,b; NTP,
1988a,b, 1989; Phillips et al., 1997; Sikorski et al., 1989). In
an earlier publication, which focused on the utility of specific
histologic parameters and the agreement found between pathol-
ogists, it was observed that the ability to identify histopatholo-
gical changes in lymphoid organs was dependent on the
experience/training of the individual pathologist, the severity
of the lesion, and the particular lymphoid organ involved
(Germolec et al., 2004). Agreement between pathologists was
highest when evaluating the thymus, in particular thymus cor-
tical cellularity, and lower within all of the compartments exam-
ined in the spleen and lymph nodes. In the present studies, the
ability of enhanced pathology to predict immunotoxicity is
addressed by comparing the results obtained from extended
histopathology evaluation with those previously obtained
from in-depth immunotoxicity testing from the experimental
(test) and positive control data sets.

MATERIALS AND METHODS

Experimental, vehicle control, and positive control data sets. Lymphoid
tissues were examined from four to eight animals in each treatment group from a
subset of chemical test studies assessed previously in the NTP immunotoxicolgy
program. Briefly, the experimental data set consisted of 10 test chemicals that
were selected from a larger data set based upon completeness of the study. The
subset of selected chemicals included compounds that were known to inhibit
humoral, cell-mediated, or innate immune function; known to have no effects on
immune function or that had been shown to be immunostimulatory (Table 1). All
studies were conducted in female B6C3F1 mice at three dose levels, with the
highest dose selected to be slightly below that which caused evidence of overt
toxicity (e.g., decreased body weight gain, liver enzyme changes) in separately
conducted dose-range studies (unpublished data). Although routine toxicological
assessment in rodent models often tests compounds at the maximum tolerated
dose (MTD), there is evidence that high doses may produce a neuroendocrine
stress response that does not occur at lower doses (Brown et al., 1988; Clement,
1985; Kunimatsu et al., 1996). These nonspecific stress responses can lead to
erroneous identification of the test compound as immunotoxic (Pruettet al., 1993,
1999, 2000). Within the NTP, preliminary dose-range studies are routinely
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conducted prior to immunotoxicity studies and, for the reasons stated above,
the highest dose is set slightly below the MTD and at doses where body weight
changes would notbe =10%. Nine of the 10 chemicals examined were classified
as immunotoxic, based upon whether the test material produced a significant
dose-response effect (p < 0.05) in any one or more of a number of previously
defined immune parameters or significantly (p < 0.05) altered two or more
immune function tests at the highest dose of the chemical evaluated (Luster
et al., 1992). Eight of these caused suppression in functional assays, and one,
thalidomide, demonstrated immunostimulatory activities (Table 1). A negative
chemical, aldicarb oxime, was also included in the experiment. To help determine
the potential likelihood of falsely identifying chemicals as immunotoxic and to
provide accurate estimates for background levels of response, an additional
negative control data set was established which was derived from tissues of
animals treated with the vehicles for the 10 chemicals studied. Histopathological
examination and analysis also included tissue from animals administered the
positive control chemicals, cyclophosphamide, methotrexate, and sodium
arsenite, which were used in the initial screening studies. The positive controls
were examined at only one dose level and were evaluated along with six of the 10
chemicals in the experimental data set, with cyclophosphamide as the positive
control for four of the test chemicals. Each of these was treated as an independent
study for the analysis of the positive control data set. Detailed information on
each of the chemicals and doses used in these studies can be found in Table 1 and
in the Supplementary Appendix of the publication by Germolec et al. (2004)
available online at www.toxsci.oupjournals.org. More extensive information on
the duration, route of exposure, and other study parameters can be found in the
following references: Burns et al., 1994; Cao et al., 1990; Karrow et al.,2000a,b;
NTP, 1988a,b, 1989; Phillips et al., 1997; Sikorski et al., 1989.

Immune and host resistance tests. The immune assays used to identify
immunotoxic chemicals included both functional (i.e., IgM antibody plaque
forming cell [PFC] response, natural killer [NK] cell activity, cytotoxic T lym-
phocyte [CTL] cytolysis and delayed hypersensitivity responses [DHR]), and
quantitative immune measures (i.e., lymphoid organ weights, lymphocyte pheno-
type analysis, white blood cell counts [WBC]), and have been described in detail
elsewhere (Lusteretal.,1988). Hostresistance testsdata wereavailable foreight of
the chemicals tested and were included in the analysis independent of the specific
host resistance model employed. Details of the host resistance models employed
in evaluation of immunotoxicity have recently been reviewed (Germolec, 2004).
For the test chemicals in this data sethostresistance assays included infection with
either Listeriamonocytogenes, Streptococcus pneumoniae, or Plasmodiumyoelii,
or challenge with either PYBG6 fibrosarcoma or B16F10 melanoma tumor cells,
with the selection being based upon the immune test results.

Tissue preparation. Tissues represented archived samples from NTP
immunotoxicity studies collected at the termination of each study under GLP
and AALAC guidelines according to Standard Operating Procedures developed
under an NTP contract. Thymus, spleen, and the complete chain of the superior
mesenteric lymph nodes were collected and fixed in 10% neutral-buffered
formalin. One middle cross section from the spleen, both lobes of the thymus,
and the mesenteric lymph nodes were embedded in paraffin, and five 5-6 micron
sections were prepared and stained with hematoxylin and eosin (H&E) for his-
topathological evaluation.

Histological analysis. Details of the histological analyses and workgroup’s
strategy have been previously published (Germolec et al.,2004). Briefly, for each
pathologist, a slide set was generated for each of the chemicals. Although no
information was provided concerning the chemical identity of the test com-
pounds before commencing their evaluation of the tissues, each pathologist
received data identifying positive control, negative control, and test groups,
including dose levels as well as organ weights. A semiquantitative assessment
was used to estimate the histopathological changes within different anatomical
compartments of the lymphoid tissues. The grading scheme consisted of ordinal
categories ranging from O (no effect) to 4 (severe) and an indicator as to whether
the effect was increased or decreased relative to normal tissue. Histopathological
evaluations took into consideration changes in cell density or changes in the
anatomical compartment size. The pathologists were also instructed to add
comments that were not quantifiable, but considered important for proper
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histopathological assessment, such as “focal increased cellularity of outer thy-
mic cortex” or “increased tingible body macrophages in the thymic cortex.”
These comments were not included in the analysis and none were remarkable in
nature. Four endpoints were evaluated in the lymph node (L): grade of cellularity
in the follicles (FGCD), paracortical areas (PAC), medullary cords (MCC), and
sinuses. Five endpoints were evaluated in the spleen (S): cellularity of periarter-
iolar lymphoid sheaths (PALS), lymphoid follicles (FC), marginal zone (MZ),
red pulp (RP), and the number of germinal centers (GC). Three endpoints were
evaluated in the thymus (T): cortex cellularity (CC), medullary cellularity (MC),
and the cortico-medullary (CM) ratio. Following the microscopic examination,
the coded data were transferred to an electronic format, and a formal quality
control was conducted on the data entry of the entire set of findings. Lymph node
tissue was not available for thalidomide or aldicarb oxime.

Data analysis. Histology scores for each chemical/dose combination were
generated for each tissue examined and were determined by multiplying the
histological grade assigned by the pathologist for the lesion by a weighting factor
(derived from the frequency of animals within a dose group with a specific grade)
by the histological grade assigned by the pathologist for the lesion. Thus, if two of
four animals (50%), in the high dose group were given a grade of 2, and the
remaining 50% had a histological grade of 3, the score for that dose group was
equal to 10 [(2 X 2) + (2 X 3)]. The score for each dose group was then corrected
for background (subtracting histological scores obtained in animals treated with
vehicle only). The final histological score was reduced to five categories as
follows: 0O (no effect) histological score equal to 0; 1 (minimal) histological
score from 1 to 3; 2 (mild) histological score from 4 to 6; 3 (moderate) histological
score from 7 to 9; and 4 (marked) histological score greater than 9 (see Table 2).

Accuracy, defined as the ratio of the number of correctly identified compounds
using extended histopathology relative to the total number of compounds eval-
uated, was determined for both individual tissue-specific endpoints and compo-
site (in toto) histopathological scores by evaluating agreement with individual
immune tests and the overall “immunotoxic call” which was described pre-
viously (Luster et al., 1992, 1993). The Phi correlation coefficient for binary
variables was used to calculate the correlation coefficient between the functional
test calls and the histopathology calls (Liebetrau, 1983).

RESULTS

The accuracy of each of the immune tests to identify immu-
notoxic chemicals, which was based upon previously defined
criteria (Luster ef al., 1992; Table 1), is shown in Figure 1A for
the test chemical data set. There was a large variability in the
ability of the individual immune endpoints to accurately identify
immunotoxic chemicals, with WBCs flagging only 1 of 10 che-
micals and the antibody PFC assay identifying 9 of 10 chemicals
in this data set. However, the level of accuracy achieved for each
of the tests to identify immunotoxic chemicals was comparable
to that reported earlier using a larger (n = 51) chemical data set
(Lusteretal., 1992). An accuracy plot showing the ability of each
of the immune tests to predict immunotoxicity derived from the
positive control data set is depicted in Figure 1B. In this case, a
relatively high degree of accuracy was obtained for most of the
immune tests with the exception of NK cell activity. The differ-
ences in the level of accuracy obtained between these two data
sets most likely reflects the fact that the positive controls
included compounds known to significantly suppress immune
responses, and represent a very small data set (n = 6).

There is no general agreement on the level of histopatholo-
gical change (number of endpoints altered or severity of lesion)
that would constitute a biologically significant immune effect.
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Therefore, a continuous scale was developed to allow for deter-
mining the accuracy of histopathology to predict immunotoxic
chemicals at various levels of severity. Figure 2 provides
accuracy plots (i.e., ability to predict a chemical classified as
immunotoxic) derived from the average score provided by the
four pathologists for each histopathological parameter. Taking
the least stringent approach, and accepting a minimal classifica-
tion as immunotoxic based on any histopathological observation
at any grade (i.e., a score of >0) within a specific lymphoid
organ/endpoint, the accuracy level for the large majority of
histopathological endpoints ranged between 40 and 60%. The
highest level of accuracy for any specific histological endpoint
was observed in the measurement of the thymus cortico-
medullary ratio (62%). Taking more stringent criteria to classify
immunotoxic chemicals by considering histopathological scores
=3 (mild level), the accuracy for the thymus cortico-medullary
ratio, while still the highest, were reduced to 47%. At the mod-
erate to marked levels (=7), the accuracy ranged from 20 to 40%
for thymus endpoints and 5 to 25% for histological measures in
the spleen or lymph node. Of the three lymphoid organs eval-
uated, histopathological measures in the thymus allowed for the
highest degree of accuracy, while those in the lymph node the
least. It should be noted that the lymph node parameters were not
evaluated for thalidomide or aldicarb oxime. Addition of body
weight as a general indicator of toxicity to the analyses did not
significantly improve the accuracy ratings (data not shown).

Figure 3 provides accuracy plots derived from average
scores provided by the four pathologists for each histopatho-
logical parameter using the results from the positive control
data set. The accuracy with which histopathological measures
predict immunotoxicity is significantly improved in this data
set compared to the data set derived from the test chemicals.
For the positive controls the most accurate parameter was
again thymus cortico-medullary ratio, with an accuracy of
86% using a minimal histological score, 69% using mild,
and 60% using a moderate score (Fig. 3C). The least accurate
predictor for immunotoxicity was the lymph sinus at 33%
using a minimal category, 12.5% for mild, and 0% for mod-
erate (Fig. 3A). For all lymphoid organs examined, there were
only two specific endpoints (thymus cortico-medullary ratio
and thymus cortical cellularity) that achieved accuracy levels
greater than 50% using the most stringent criteria (i.e., score
of >9; marked).

Figure 4 provides accuracy plots derived from the histopatho-
logical scores for each of the pathologists obtained from com-
bining all endpoints (in toto). Using the least stringent criteria
(minimal), which would constitute a lesion in any tissue, at any
dose and at any level of severity, the level of accuracy ranged
from 70-90%. Considering compounds that would be classified
as causing mild histological changes (i.e., score of =3),
the level of accuracy ranged from 70-80%. For histological
scores considered moderate and marked, the level of accuracy
among the pathologists was variable, ranging from 20 to 80%
and 10 to 50%, respectively.
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TABLE 2
Immunotoxic Calls for each Compound by Dose and Pathologist
T 24 Gallium
Chemical Aldicarb Oxime| Oxymetholone | P_Nitrotoluene | Dideoxyinosine [Diaminotol Dideoxyadenosi Arsenide Ribavirin TCDD Thalidomide
mg/ke/day | mg/kg/day | mgkg/day mg/ke/day mg/ke/day mg/ke/day | mg/ke/day | mg/ko/day ugkg/day | mg/keg/day
Pathologist | Parameter | 1 | 7.5] 15 | 50 | 150300 200]400] 600|250 5001000/ 25 | 50 [ 100 | 87.5 | 175 | 350 | 50 [100[200[ 75 | 150300 0.1 [ 1 | 10| 50 | 100]150
Rater 1 L_FGCD oo olol1]o oloo | 1o oloJoJoJo]o
[Rater 2 L_FGCD 0 0o o[ofo 0 oloJofolo[o]ofofo
L_FGCD o 1|1 T T TN T olofo o [t Jo[ailolof[olofo
L_FGCD o |11 HEN KRN olololololomlolololo]o][n
L_MCC ool olofofo ololol o ololololololofofo
L_McC 0 0 0|1 0o[o0]o0 1Lt JofofololololoeloTo
L_MCC 0o o o [o i Jofofoo]o o o [o[d]ololo]olalal0
L_McC 0 1 tftJolrltJofoelo]oadoafoloJeJoJoJaloloe
L_PAC oo o[ofo]t ofoJoTo oloJofolo olofoToe
L_PAC 0 0 olof1fofo]o 0 oloJofolo [T ]ofo]oe
L_PAC ololo ) [ [ olofo o [t JoftfofoJo]oale]olo
L_PAC o 1| olofJofu v olo[o]oo oo oo oo NSRS
L_SINUS ololo ololo oJolofololo ololololololo]ofoe
L_SINUS 0 0 oot lolo]o 1 ololololololofoloe
L _SINUS olo]o olofiJol1]olo]o o lofofoflololoM oloTlo
L_SINUS 0 1 i o i o[olo oo [F o [ ololololo[o]o |NEM
5 FC o[ofofJololo]o 0 ololoflolo]oJololoJoJoJolo]lo]olo[o]o
|S—FC oloJoJofoloJoflofloJoJo[ofolololo Tt oifojo]loloi]lolutlolo]o
s FC o [ifofolo 1 o [oo]0 o[ 1[0 o [t Jofuifoloe oo ifu]o]o][n
s_FC olof1]o L o ofloloflo]| o T LloJo[o]ofo olofo
s GC ololofofofo]o 0 ololololofolololofloloJo[o oo o1
s GC 0 ofoJoloflolofoJololoeloloelo v vls olololololo il
s GC 0 ololo olofolololololn tlofofololofurfufoloflolo|t]l
5_GC olofolo 1 il ofolelolo T ET = T oflofolo[ oM o]o]o
s MZ ololoJololo[oloflofololololoflolo]o]ofoJolofoJo[olo|lo]|olo[o]o
5 MZ olololofolo o loloe]od ololol oo T dolololololofi it lo]lo]o
5 MZ o [ofolololo o[oJololo]o[o]o o loJololi ol wlolt[oflololo
sz oo oo IEHEN olofoo ololo] o FTW ofoloJoJo]we olo]o
S PALS o{ofofJoJololo]oe 0 olofoloo olofofolo ool oloo
5 PALS o o oo [N 0] o[ o] o [N Llololoi]t olt1]o
S PALS ololofofo[1 olofolo[i1fofo]o 1L lofoflifrfoloJofloflololofolo
S PALS olol1]o oo ojloflolo]o]| o1 ofojloJolo]o ololo
s RP ololofolofoJolof[o[oJo|o[o[o[o]|o o o oJlo[oJ[o|lo[o|lo|o]|o[o]o0]o0
s _RP o]0 o [o [0 oo f[ofolo T oo [0 ot [1]o]1 o [1]1
s _RP o1 olo]lo ] o[l ofoflofo 1o 0 0 olofofo
s rP ololofo of1foloflofololololololalolofoJolololo|lTTolo]o
T cc olofofolo o [ofo0 ojloJolo]o oloJololololololai]lo oo
T_CC ] 1] 0 L] 0 ] 0 [1] 1 0 0 0 0 0 ofof0]j0) 0O 1] 1 0 0 0
T cc o fofololo i lolola]o|1 ol o [0 o [P0 olofoflolofofolofolo]o]o
T cc o [ofoflot oo 0 ool ol o NN oflololoflolutTlololo
remraTio [0 [ofofofo olofofo]u oJoJolo]o olofofoloJoJoJolaloloo
mevraTio [0 [o oo olofofofo]o ol o [N o I i oo Bl oo olofo
T evmraTio [0 [0 oo o oloflofol1 o1 0o lo ofli1{ofofJoloflofJofloflofo]o
memraTio |0 [0 oo 1 o]0 0 ololol o [N ololololofi]olo]lo
T _MC ololoJoflolololofloloJolo[ololo]o]lo oloflofjolofolololoflolo]o
T _MC olofolo olololololwlololololololtTololololololololHlololo
T_MC o olololoffiJololololo[i oo o o i lt]ofi]lololo[olo|lo]|olo]o]o
T MC o lololo [0 ol o NSNS o7 oo oo D] olofololo[alololo

This table summarizes histopathology scores from each pathologist for each chemical and does level and provides an overview of rater consistency. As described in
the methods, the severity of each lesion was adjusted to remove background alterations observed in control tissues. For most parameters the effects were scored as
either not evident or minimal to mild. Four chemicals showed little, if any histological changes. These included aldicarb oxime, 2,4 DAT, Ribivarin and thalidomide.
Chemicals that showed moderate immunhistologiocal changes included TCDD, p-nitrotouluene, oxymetholone and gallium arsenide. The chemicals that showed the

most extensive changes were DDI and DDA.

0 = No immunotoxic call - When the histopathology score is equal to 0.
1 = Minimal immunotoxic call — When the histopathology score does not exceed 3.
2 = Mild immunotoxic call — When the histopathology score does not exceed 6.

3 = Moderate immunotoxic call — When the histopathology score does not exceed 9.

4 = Marked immunotoxic call — When the histopathology score is more than 9.

The average histopathological scores obtained for each his-
tological endpoint are shown in Figure 5 for the vehicle control,
experimental data set (as a function of dose), and positive control
data set. This analysis provides an indication of the relative
sensitivity of the various histopathology parameters across

dose. While almost all endpoints demonstrated dose-response
trends, differences in scores were not readily discernible
between the vehicle-control treated groups and those from the
low dose treatment groups and there were only minimal lesions
observed in the medium dose group. The histological scores in
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FIG. 1. Accuracy of various immune tests to identify an immunotoxic
agent. Accuracy levels derived from the (A) test chemical data set or (B)
positive control data set.

the high dose treatment groups, while never approaching the
values obtained in the positive control groups, showed clear
differences in lesion severity compared to the lower treatment
groups. Within the specific parameters examined, thymus cor-
tical cellularity and cortico-medullary ratios appeared to be the
most sensitive or readily detected indicator of immunotoxicity
(Fig. 5C).

To help address potential differences in the relative sensi-
tivity between extended histopathology and classical immune
tests, it was useful to compare the levels of accuracy that
could be achieved between the histopathological scores and
immune tests across the three dose levels that were evaluated
in the test chemical data set (Fig. 6). For comparative pur-
poses, the immune tests are considered individually while
extended histopathology results are presented as a single vari-
able i.e., “in foto.” For the immune tests, the accuracy level
ranged from a high of 90% for the PFC response to a low of
20% for the WBC using results obtained from the high dose
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FIG. 2. Accuracy values as a function of the histopathology score
obtained from a test chemical data set (n = 10). Data are presented as mean
*+SEM of four independent pathologists for each histopathological endpoint
examined. Endpoints measured included: lymph node cellularity in the
follicles (FGCD), medullary cords (MCC), paracortical areas (PAC), and
sinuses; spleen cellularity of lymphoid follicles (FC), marginal zone (MZ),
periarteriolar lymphoid sheaths (PALS), red pulp (RP), and the total number of
germinal centers (GC); and thymus cortex cellularity (CC), medullary
cellularity (MC), and cortico-medullary ratio (CM-ratio).

treatment groups, to ~50% for the PFC response and 10% for
WBC when considering results from the low dose treatment
groups. Using the in toto histopathology data from the high
dose treatment group, the accuracy values ranged from



510

A
I FGCD
0.8 1 [ mMcc
I PAC
T [ siNus
> i
o 0.6
©
—
3
O 04 4
<
0.2 A
0.0 -
B
. FC
08 1 ]- — ac
- . vz
[ PALS
I RP
> 06 A
%) .
o T
fan
3
O 044
<
0.2 4
0.0 =T -
Cc . cc
3 mc
08 Il CM Ratio
> T j|:
o 0.6
@©
fan
3
O 044
<
0.2 4
0.0 T
Minimal Mild Moderate Marked

Histological Score

FIG. 3. Accuracy values as a function of the histopathology score
obtained from the positive control data set (n = 6). Data are presented as mean
+ SEM of four independent pathologists for each histopathological endpoint
examined. Endpoints measured included: lymph node cellularity in the
follicles (FGCD), medullary cords (MCC), paracortical areas (PAC), and
sinuses; spleen cellularity of lymphoid follicles (FC), marginal zone (MZ),
periarteriolar lymphoid sheaths (PALS), red pulp (RP), and the total number of
germinal centers (GC); and thymus cortex cellularity (CC), medullary
cellularity (MC), and cortico-medullary ratio (CM-ratio).

approximately 80%, using data obtained in the minimal and
mild categories, to 30% when considering results from the
marked category. Analysis of data obtained from
animals treated with lower doses of chemicals suggested
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FIG. 4. Accuracy values as a function of the histopathology score
obtained by four independent pathologists when considering histological
lesions in toto.

that histological scores, as did immune tests, generally fol-
lowed dose-response trends. For the most part, accuracy levels
comparable to the PFC response were obtained using in foto
histopathology when limited to using the minimal, and in
some instances mild criteria. Using the moderate or marked
classification provided a limited degree of accuracy.

Table 3 provides the correlations obtained between the indi-
vidual immune tests and mean histological scores from the four
pathologists. While the composite, rather than individual,
histopathological, and functional parameters are used to identify
immunotoxic agents, this analysis provided an opportunity to
determine which immune tests were more closely associated
with specific histological changes and insight into the immuno-
logic changes underlying the pathology. Although there was an
overall tendency for low correlations, due to the small sample
size and the large number of variables examined, several note-
worthy associations were observed. The highest correlations
were found between histological endpoints in the thymus, par-
ticularly those associated with cellularity, such as cortico-
medullary ratios and thymus organ weights, and T-cell numbers.
These histological endpoints also correlated well with host resist-
ance tests. Host resistance tests in these data sets usually
involved measuring resistance to challenge with the bacterium
Listeria monocytogenes or with the B16F10 or PYB6 tumor cell
lines, both of which evoke a strong cell mediated immune
response. The lowest associations between the individual
immune parameters and histological endpoints were observed
in the lymph node. Table 4 provides the correlations between the
individual immune tests and the histological scores from the
pathologist with the most experience in evaluating extended
histopathology of lymphoid tissues. Similar to that demonstrated
in Table 3, the highest correlations were observed between end-
points in the thymus and the host resistance tests. In addition,
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FIG. 5. Average histopathological scores obtained for each histological
endpoint are shown for the vehicle control, experimental (as a function of
dose), and positive control data sets. Each value represents the mean = SEM
of four pathologists.

fairly strong associations were observed between quantitative
measurements in the spleen (e.g., weight and cellularity) and
histological endpoints in this tissue. Surprisingly, strong corre-
lations between germinal center development in the spleen and
lymph node with functional measures of antibody production
were not observed.
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four pathologists.

DISCUSSION

At the most fundamental level, any laboratory incorporating a
new test in toxicological assessment must establish the analytic
sensitivity and specificity of the assay; its ability to detect the
toxic endpoint when present and not detect it when absent
(Grody, 2003). With this in mind, the present project was under-
taken to help determine the level of accuracy expected to be
achieved using extended histopathology to identify immuno-
toxic chemicals in female B6C3F1 mice at doses which do
not induce overt toxicity. As there is no agreement on the mag-
nitude of histopathological changes that would constitute an
immunotoxic or biologically relevant effect, a continuous
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TABLE 3
Correlations between Individual Immune Tests and Mean Histological Scores from All Participating Pathologists

L_FGCD L_MCC L_PAC L_Sinus S_FC S_GC S_MZ S_PALS S_RP T_CC T_MC T_CMRA
CTL 0.407 0.235 0.331 0.122 0.100 0.208 0.067 0.208 0.189 0.281 0.060 0.185
FLOW_B 0.133 0.116 0.199 0.212 0.224 0.282 0.207 0.199 0.215 0.110 0.162 0.318
FLOW_T 0.329 0.227 0.433 0.175 0.365 0.060 0.292 0.443 0.190 0.534 0.306 0.423
HOST_RES 0.213 0.081 0.226 0.141 0.337 0.212 0.340 0.295 0.245 0.460 0.482 0.590
MLR 0.454 0.243 0.377 0.100 0.377 0.130 0.376 0.471 0.275 0.427 0.298 0.528
NK —0.010 0.095 —0.055 —0.006 0.102 0.373 0.011 0.149 0.138  —0.001 0.057 0.244
PFC_MIL 0.330 0.285 0.422 0.322 0.367 0.324 0.393 0.372 0.419 0.481 0.351 0.433
PFC_SPL 0.326 0.237 0.377 0.274 0.355 0.371 0.375 0.373 0.365 0.486 0.328 0.479
SPL_BW_RTO 0.411 0.263 0.431 0.274 0.440 0.193 0.410 0.475 0.272 0.564 0.545 0.687
SPL_CEL 0.169 0.034 0.151 —0.046 0.281 0.057 0.348 0.334 0.104 0.329 0.195 0.398
THY_BW_RTO 0.352 0.186 0.420 0.266 0.335 0.130 0.426 0.331 0.193 0.541 0.478 0.556
WBC —0.100 —0.090 —0.096 —0.089 —0.020 0.166 —0.097 —0.119 0.049 —0.046 —0.080 0.055
TABLE 4
Correlations between Individual Immune Tests and Mean Histological Scores from Pathologist #2
L_FGCD L_MCC L_PAC L_sinu S_FC S_GC S_MZ S_PALS S_RP T_CC T_MC T_CMRA
CTL 0.358 0.205 0.081 0.064  —0.233 0.167 0.136 0.040 0.234 0.195 0.079 0.015
FLOW_B 0.112 0.224 0.420 0.371 0.229 0.498 0.055 0.299 0.291 0.060 —0.045 0.714
FLOW_T 0.233 0.507 0.327 0.233 0.162 —0.226 0.721 0.443 0.012 0.555 0.630 0.271
HOST_RES 0.175 0.175 0.391 0.175 0.526 0.328 0.358 0.299 0.452 0.447 0.590 0.806
MLR 0.305 0.205 0.031 0.024 0.244 0.287 0.454 0.396 0.167 0.303 0.389 0.504
NK —0.208 0.019 —0.243 0.081 0.189 0.641 —0.210 0.282 0.329 —0.245 —0.160 0.510
PFC_MIL 0.138 0.426 0.478 0.384 0.309 0.368 0.372 0.402 0.394 0.557 0.385 0.664
PFC_SPL 0.108 0.395 0.435 0.355 0.287 0.368 0.347 0.412 0.393 0.528 0.338 0.756
SPL_BW_RTO 0.318 0.462 0.351 0.318 0.423 0.373 0.544 0.557 0.238 0.475 0.668 0.768
SPL_CEL —0.021 0.138 —0.025 —0.021 0.339  —0.020 0.612 0.403 0.159 0.421 0.345 0.510
THY_BW_RTO 0.369 0.525 0.500 0.369 0.265 0.089 0.608 0.362 0.171 0.539 0.746 0.604
WBC —0.083 —0.093 —0.096 —0.083  —0.081 0.265 —0.081 —0.135 0.189 —0.105 —0.062 0.285

scale was developed in which the association between functional
criteria, as defined previously (Luster et al., 1992), and histolo-
gical changes could be established at any magnitude of histo-
pathological change. Evaluating the histopathological endpoints
individually, the level of accuracy in identifying immunotoxic
chemicals, using the experimental data set, ranged from a high of
approximately 60%, for several endpoints in the thymus when
using the least stringent criteria to classify chemicals as immu-
notoxic, to less than 10% when using histological endpoints in
the lymph node compartment under the most stringent criteria.
When analyzing the positive control data set using the least
stringent criteria, accuracy levels approaching 80% could be
achieved. The fact that higher accuracy levels were obtained
with the positive control data set would imply that the more
potent an immunotoxic chemical (i.e., the more severe the his-
tological lesion), the more likely it would be to correctly identify
an agent. Relatively low levels of accuracy were obtained when
histological endpoints were analyzed individually. However,
accuracy levels for both the test chemical and positive control
data sets were significantly improved when the histological

endpoints were considered in foto (i.e., combined), at least in
the minimal to mild range, where only two of the immunosup-
pressive chemicals examined (2,4 diaminotoluene and
Ribivarin) were not correctly identified. The interpretation of
the histological lesions for some chemicals, such as gallium
arsenide, presented particular challenges, as several of the
pathologists observed a negative dose response, but in different
endpoints. It should be noted, however, that the increased
accuracy using the “in toro” analyses compared to the analyses
of specific lesions, could be misleading, as there did not have to
be agreement between the pathologists in the tissues in which
lesions were observed. The degree of consistency obtained
among the pathologists in identifying and grading specific
lesions is shown in Table 2 and was specifically addressed in
an earlier publication (Germolec et al., 2004).

Of the three lymphoid organs examined, the most consistent
and discernible histological lesions were observed in the thymus,
specifically the cortical region. This is not surprising, as the
susceptibility of the thymus to toxicity is well established
(e.g., Schuurman et al., 1992). Thymic alterations were
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manifested as both a decrease in cortical cellularity and cortico-
medullary ratios. As might be expected, the presence of these
lesions was strongly associated with decreases in thymus:body
weight ratios (see Tables 3 and 4). As a “stand alone” test,
thymus:body weight ratios were previously shown to provide
68% concordance in identifying immunotoxic chemicals using a
large data set (Luster et al., 1992), which is comparable to the
60% accuracy obtained with thymus histological parameters in
this study. It should be noted, however, that the same correlation
is often observed as a nonspecific effect of stress in toxicology
studies, so changes in both the histological and quantitative
weight measurements should be interpreted within the context
of other effects to help avoid misidentification of compounds as
immunotoxic (Levin et al., 1993). In addition to thymus:body
weight ratios, histological lesions in the thymus were also asso-
ciated with decreases in the antibody PFC response, previously
shown to be a good indicator of immunotoxicity (Luster et al.,
1992, 1993). In contrast to thymus endpoints, lymph node meas-
urements provided the least association with immune tests. The
apparent sensitivity for the thymus, compared to the spleen and
lymph node is unknown. From a biological standpoint, it can be
argued that immunotoxic chemicals that operate by altering
antigen recognition or antigen-dependent responses would
most likely manifest histopathology in secondary lymphoid
organs (i.e., spleen, lymph node), coinciding with an active
immune response. In contrast, agents that operate through non-
specific cytoreductive or antiproliferative processes would be
expected to present histopathology in both primary (thymus) and
secondary lymphoid organs.

These studies highlight that central to the successful applica-
tion of extended histopathology in risk assessment for immuno-
toxicology is the necessity to determine an appropriate level of
stringency (histological score) to be applied when assessing
lesions. As a majority of the immunotoxic agents in the test
chemical data set did not produce severe lesions (see positive
vs. test chemical data set, Table 2), applying criteria that are too
stringent, represented in our scale as moderate to marked his-
tological scores, would not allow identification of the majority of
immunotoxic agents in the test chemicals data set. Accepting
minimal to mild histological scores as significant may provide an
acceptable level of accuracy (~80%), but raises the possibility of
increasing misclassifications (i.e., false positives). This was pro-
blematic with employing the minimal classification criteria, as
this classification would have identified many of the negative
controls as positive. A minimal score can be obtained by apply-
ing a minimal grade (1) to any of the 12 histopathological end-
points examined, and such minimal effects could be the result of
variables such as diet, type of housing, and sex or strain of the test
animal. Allowing for a mild rather than minimal classification as
significant, however, would appear to limit false positives yet
provide a reasonable level of accuracy (> 80%) when consider-
ing lesions in foto, and > 50 percent when considering lesions
individually. Analyses of data obtained from animals treated
with the low doses of chemicals, to help assess the relative
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sensitivity between the immune and histological endpoints,
did not significantly affect the outcomes.

In conclusion, it has been suggested that inclusion of extended
histopathology of lymphoid organs as part of routine toxicology
testing can be used as predictive indicator for immunotoxic
agents. However, due to the paucity of available data and limited
validation efforts, it is not currently possible to determine the
predictive value of extended histopathology evaluation, either
alone or as an adjunct with functional endpoints, as a screening
test. Nonetheless, the present studies suggest that incorporation
of extended histopathology into standard toxicological assess-
ment has potential utility. While this study was conducted in
female B6C3F1 mice at doses lower than the MTD, similar
conclusions with regard to the need for training and the associa-
tion between severity of lesions and the ability to evaluate tissue
lesions were reached by the ICICIS investigators using inbred
F344 and outbred Wistar rats and the standard OECD 407 28-day
testing protocol (ICICIS, 1998). As a prerequisite for successful
implementation, however, it will be necessary to adopt standard-
ized histological scoring and quality assurance and controls,
similar to that described in this and other studies, to ensure
that subtle histopathological lesions can be consistently identi-
fied (Harleman, 2000; ICICIS, 1998). Comparable recommen-
dations for standardization of controls, endpoints, and methods
have been made for immune function tests (Luster ef al., 1988;
van Loveren et al., 1996). While acceptable levels of accuracy
may be achievable using extended histopathology, in our stu-
dies, it was not equivalent to that which can be obtained by
functional tests and, within the test chemical data set used for
this exercise, two of nine immunotoxic chemicals would prob-
ably been classified as negative. This is in contrast to findings by
Schulte et al. (2002) who reported that extended histopathology
was more accurate and consistent than functional tests when
used to evaluate the immunomodulatory compounds cyclospor-
ine A and hexachlorobenzene. Furthermore, our analyses indi-
cate that inclusion of nonfunctional endpoints (e.g., lymphoid
organ weights and WBC) with extended histopathology would
not significantly increase the predictive value (data not shown).
As a final consideration, we did not monitor for persistence and
currently the relative persistence of histological changes, as
compared to functional immune effects is unknown. This
may be of some concern as developmental immunotoxicology
studies with estrogens may induce both thymic atrophy and
alterations in functional immune parameters in the neonate;
however, while changes in functional endpoints persist long
into adulthood, changes in thymic cellularity appear to resolve
rather quickly (Forsberg, 1984).
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