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Multiple sclerosis is characterized by the formation of 
demyelinating lesions and axonal damage in the cen-

tral nervous system. While the pathogenesis of multiple 
sclerosis is currently elusive, an inflammatory response 
induced by lymphocytes, monocytes, and macrophages 
and microglia is present (1,2). Despite substantial ad-
vances in immunomodulatory agents approved for treat-
ment of multiple sclerosis, most of the therapies currently 
in use were designed to target lymphocytes or lympho-
cytic function (3,4). However, demyelination and axo-
nal damage are caused by innate immune cells such as 

monocytes, macrophages, and neutrophils (2,5). Thus, 
it is not surprising to find that not all patients responded 
optimally to current therapies (3,6).

Glatiramer acetate (GA), also known as copolymer 1 
(Copaxone; Teva Pharmaceuticals, Petach Tikva, Israel)  
is a first-line immunomodulatory agent approved for treat-
ment of relapsing-remitting multiple sclerosis (3). Its ac-
tion, among other mechanisms, has been proposed to be 
associated with a protective T helper type 2–weighted im-
mune response. It induces anti-inflammatory T helper type 
2 lymphocytes that gain access to the brain and inhibit the 
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Background: Despite advances in immunomodulatory agents, most current therapies for multiple sclerosis target lymphocytes or 
lymphocytic function. However, therapy response may be less than optimal due to demyelination and axonal damage caused by 
myeloid cells.

Purpose: To determine if myeloperoxidase (MPO) molecular MRI can evaluate whether combination therapy targeting both lym-
phoid and myeloid inflammation can improve autoimmune neuroinflammation compared with either drug alone, even at subopti-
mal doses.

Materials and Methods: Four groups of 94 female mice (8–10 weeks old) were induced with experimental autoimmune encephalo-
myelitis (EAE) from August 2, 2016, to March 30, 2018, and divided into saline control (n = 22), 4-aminobenzoic acid hydrazide 
(ABAH) therapy group (n = 19), glatiramer acetate (GA) therapy group (n = 22), and combination therapy group (n = 31). Mice 
were administered suboptimal doses of ABAH, an irreversible inhibitor of MPO; GA, a first-line multiple sclerosis drug; both 
ABAH and GA; or saline (control). Mice were imaged with bis-5-hydroxytryptamide-diethylenetriaminepentaacetate gadolinium 
(hereafter, MPO-Gd) MRI. One-way analysis of variance, two-way analysis of variance, Kurskal-Wallis, and log-rank tests were 
used. P , .05 was considered to indicate statistical significance.

Results: The combination-treated group showed delayed disease onset (day 11.3 vs day 9.8 for ABAH, day 10.4 for GA, day 9.9 for 
control; P , .05) and reduced disease severity (clinical score during the acute exacerbation period of 1.8 vs 3.8 for ABAH, 3.1 for 
GA, 3.9 for control; P , .05). The combination-treated group demonstrated fewer MPO-positive lesions (30.2 vs 73.7 for ABAH, 
64.8 for GA, 67.2 for control; P , .05), smaller MPO-positive lesion volume (16.7 mm3 vs 65.2 mm3 for ABAH, 69.9 mm3 for 
GA, 66.0 mm3 for control; P , .05), and lower intensity of MPO-Gd lesion activation ratio (0.7 vs 1.9 for ABAH, 3.2 for GA, 2.3 
for control; P , .05). Reduced disease severity in the combination group was confirmed at histopathologic analysis, where MPO 
expression (1779 vs 2673 for ABAH, 2898 for GA; P , .05) and demyelination (5.3% vs 9.0% for ABAH, 10.6% for GA; P , 
.05) were ameliorated.

Conclusion: Myeloperoxidase molecular MRI can track the treatment response from immunomodulatory drugs even if the drug does 
not directly target myeloperoxidase, and establishes that combination therapy targeting both myeloid and lymphocytic inflamma-
tion is effective for murine autoimmune neuroinflammation, even at suboptimal doses.
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pathologic inflammatory process (7,8). An irreversible specific 
inhibitor for myeloperoxidase (MPO) (9), 4-aminobenzoic acid 
hydrazide (ABAH), is found in active demyelinated plaques in 
patients with multiple sclerosis (10). MPO is a highly oxidative 
inflammatory enzyme secreted by monocytes, activated macro-
phages, microglia, and neutrophils. ABAH inhibition of MPO 
activity attenuates disease activity in the experimental autoim-
mune encephalomyelitis (EAE) murine model of multiple scle-
rosis, resulting in reduced demyelination, tissue damage, and 
inflammatory cell infiltration with a subsequent improvement 
in clinical symptoms and mortality (11).

We hypothesized that combination therapy targeting dif-
ferent arms (lymphocytic and myeloid) of the inflammation 
cascade could yield additional benefits compared with treating 
either arm alone. By using molecular MRI targeting the inflam-
matory enzyme MPO, we aimed to determine whether MPO 
imaging can track treatment effects of immunomodulatory 
drugs even if the drug does not directly affect myeloid inflam-
mation, and to evaluate whether combination therapy targeting 
both lymphoid and myeloid inflammation can improve auto-
immune neuroinflammation compared with either drug alone, 
even at suboptimal doses. To track in vivo MPO activity, we 
used bis-5-hydroxytryptamide-diethylenetriaminepentaacetate 
gadolinium (hereafter, MPO-Gd). MPO-Gd is a specific and 
sensitive MRI agent for MPO (12–14) correlated with MPO 
immunostaining (15–17). MPO-Gd helped to detect preclinical 

and subclinical inflammation that were not identified by us-
ing diethylenetriaminepentaacetate gadolinium, or DTPA-Gd 
(16,18,19). In addition, MPO-Gd imaging correlated better 
with demyelination compared with DTPA-Gd and reflects the 
underlying immune response (16).

Materials and Methods

EAE Induction and Treatment Protocol
The protocol for animal experiments was approved by the insti-
tutional animal care committee. We induced EAE in 94 Swiss 
Jim Lambert mice (8–10 weeks old, female; National Cancer 
Institute, Frederick, Md) with synthetic proteolipid protein 
(PLP 139–151; Axxora Life Sciences, San Diego, Calif ) (17) 
from August 2, 2016, to March 30, 2018 (A.L., with 2 years 
of experience in EAE induction). We divided EAE mice into 
groups of saline control (n = 22), ABAH therapy (n = 19), GA 
therapy (n = 22), and combination therapy (n = 31).

Both GA and ABAH were used at suboptimal doses, because 
a full dose of either GA or ABAH had already been shown to 
reduce disease activity such that the synergistic effect of the com-
bination may be masked by the already substantial effect of the 
full-dose therapy. In a prior study (11), ABAH at a dose of 20 
mg/kg was ineffective when injected intraperitoneally twice per 
day. Similarly, GA was also administered at a suboptimal dose 
of 75 mg subcutaneously once per day (20). The combination 
therapy was given as ABAH 20 mg/kg intraperitoneally twice 
per day, and GA 75 mg subcutaneously once per day. The control 
group was treated with the same quantity of saline. Treatment 
started on the day of induction and continued until each mouse 
was euthanized.

Clinical Scoring
We performed clinical assessment as follows: 0, normal; 1, flac-
cid tail; 2, unable to use either hind leg; 3, complete paralysis 
of hindquarters; 4, very weak, unresponsive, and with rapid 
breathing; 5, moribund. When mice died, they were kept in 
the trial as a score of 5 for the duration of the study. Informa-
tion on the scorers are provided in Appendix E1 (online).

Imaging Agent and MPO-Gd Molecular MRI
Previous studies show that MPO is a potential biomarker to 
monitor active inflammation and demyelination in human 
multiple sclerosis and animal models of EAE (10,11,17). The 
specificity of MPO-Gd imaging to help detect MPO activity 
had been validated in multiple studies in vitro and in vivo, 
against other peroxidases (21), nonactivatable analog (15), 
competitive inhibitors (11,18), and in MPO knockout mice 
(12,14,19,22). MPO-Gd imaging correlates well to MPO 
histopathologic analysis and demyelination in EAE and other 
diseases (11,13,14–17,21,22). We synthesized MPO-Gd ac-
cording to Chen et al (13). We performed MRI (n = 5 for 
control group, n = 3 for monotherapy groups, and n = 5 for the 
combination therapy group) on day 10 after induction with a 
small animal 4.7-T MRI scanner (PharmaScan; Bruker, Bill-
erica, Mass) with a mouse brain coil. We obtained T2-weighted 
images (repetition time msec/echo time msec, 2811/60; matrix 

Abbreviations
ABAH = 4-aminobenzoic acid hydrazide, ANOVA = analysis of vari-
ance, EAE = experimental autoimmune encephalitis, GA = glatiramer 
acetate, MPO = myeloperoxidase

Summary
Molecular MRI of myeloperoxidase tracks changes from immuno-
modulatory drugs and establishes that combination drug therapy 
targeting both myeloid and lymphocytic inflammation is effective for 
autoimmune neuroinflammation in a mouse model, even at subop-
timal doses.

Key Results
 n By reporting active neuroinflammatory lesions, myeloperoxidase 

(MPO)-targeted MRI shows that combination therapies for ex-
perimental autoimmune neuroinflammation are effective, even 
using suboptimal doses of drugs (4-aminobenzoic acid hydrazide 
[ABAH], 20 mg/kg intraperitoneally twice per day; glatiramer 
acetate [GA], 75 mg subcutaneously once per day) that do not 
directly target MPO.

 n Combination therapy targeting lymphoid and myeloid inflamma-
tion (such as using GA and ABAH) showed delayed disease onset 
(day 11.3 vs ABAH, day 9.8; GA, day 10.4; control, day 9.9; P , 
.05), reduced disease severity (1.8 vs ABAH, 3.8; GA, 3.1; control, 
3.9; P , .05), fewer MPO-positive lesions (30.2 vs ABAH, 73.7; 
GA, 64.8; control, 67.2; P , .05), smaller MPO-positive lesion 
volume (16.7 mm3 vs ABAH, 65.2 mm3; GA, 69.9 mm3; control, 
66.0 mm3; P , .05), and lower intensity of bis-5-hydroxytrypta-
mide-diethylenetriaminepentaacetate gadolinium lesion activation 
ratio (0.7 vs ABAH, 1.9; GA, 3.2; control, 2.3; P , .05).

 n Reduced disease severity in the combination group was confirmed 
at histopathologic analysis, where MPO expression (1779 vs 
ABAH, 2673; GA, 2898; P , .05) and demyelination (5.3% vs 
ABAH, 9.0%; GA, 10.6%; P , .05) were ameliorated.
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Hillsboro, Oreg). Voxel-by-voxel calcula-
tion of the contrast-to-noise ratio maps was 
performed with commercially available soft-
ware (Matlab R2015a; MathWorks, Natick, 
Mass). Additional information on the for-
mulas for these computations is available in 
Appendix E1 (online) .

Histopathologic Analysis
Fresh-frozen 6-mm brain slices were exam-
ined for demyelination and MPO protein. 
Additional information is available in Ap-
pendix E1 (online).

Isolation of Brain Inflammatory Cells and 
Flow Cytometry
We extracted leukocytes from the brain over 
a discontinuous Percoll gradient, as previ-
ously described (16). The gating strategy is 
illustrated in Figure E1 (online). Additional 
information is available in Appendix E1 
(online).

Statistical Analysis
Results were reported as means 6 standard 
error of measurement. The data were tested 
for normality by using the Shapiro-Wilk 
normality test. We performed one-way anal-
ysis of variance (ANOVA) (histopathologic 
analysis of MPO), two-way ANOVA (lesion 
number, lesion volume, contrast-to-noise 
ratio, and lesion activation ratio for MRI 

images; flow cytometry), and nonparametric Kruskal-Wallis 
test (onset of disease, clinical score on day 12, histopathologic 
analysis of luxol fast blue stain). For survival analysis, we used 
Kaplan-Meier curve and log-rank test. P , .05 was considered 
to indicate statistical significance. Commercially available soft-
ware (Prism, version 7; GraphPad Software, San Diego, Calif ) 
was used for statistical analysis. Additional information is avail-
able in Appendix E1 (online).

Results

Combination Therapy Ameliorated Clinical EAE
We followed the mice up to day 20 after EAE induction (Fig 1, 
A). At the suboptimal doses used, mice treated with the combi-
nation therapy developed EAE symptoms later (mean 6 stan-
dard error of measurement, 11.3 days 6 0.3; n = 16; Kruskal-
Wallis test) compared with ABAH-treated (mean, 9.8 days 6  
0.2; P , .0001; n = 13), GA-treated (mean, 10.4 days 6 0.3;  
P = .04; n = 13), and control mice (mean, 9.9 days 6 0.1; 
P , .001; n = 12) (Fig 1, B). Combination therapy tended 
to improve survival, with survival rate of 62.5% (10 of 16) 
compared with that of suboptimal ABAH treatment at 30.8% 
(four of 13; median survival, 13 days; P = .03), suboptimal  
GA treatment at 23.1% (three of 13; median survival, 14 days; 
P = .03), and control group at 41.7% (five of 12; median sur-

size, 256 3 256; field of view, 2.5 3 2.5 cm2; section thickness, 
0.5 mm; 16 sections; 13 minutes) and precontrast T1-weighted 
images (873/17; matrix size, 192 3 256; field of view, 2.5 3 
2.5 cm2; section thickness, 0.5 mm; 16 sections; 6 minutes for 
one set of images). After intravenous administration of MPO-
Gd (0.3 mmol/kg), with the same sequence as precontrast T1-
weighted images, we obtained sequential images (6 minutes for 
each set of images, continuous 15 sets of images acquired over 
90 minutes).

Image analysis.—Three neuroradiologists, including one who 
is not associated with the study (A.L. and Y.W., with 10 years 
and 8 years of experience in interpreting images, respectively; 
average values pertaining to each mouse were used) indepen-
dently analyzed the images and were blinded to the group and 
clinical information. MPO-Gd images were quantified by 
calculating all lesions over the entire brain of each mouse as 
follows: lesion number, lesion volume, contrast-to-noise ratio, 
and lesion activation ratio that semiquantitatively reports in 
vivo MPO activity (11). Three-dimensional image renderings 
of 90-minute contrast-to-noise ratio maps were performed by 
manually segmenting the whole brain, an area outside of the 
mouse (noise), and an area of normal brain on the image 90 
minutes after MPO-Gd injection by using commercially avail-
able software (Amira, version 5.3.2; ThermoFisher Scientific, 

Figure 1: Graphs show experimental autoimmune encephalitis (EAE) with different therapies at sub-
optimal doses. A, Clinical scores over time until day 20 after EAE induction (n = 12 for control, n = 13 for 
4-aminobenzoic acid hydrazide [ABAH], n = 13 for glatiramer acetate [GA], n = 16 for combination 
therapy). B, Onset of disease (n = 12 for control, n = 13 for ABAH, n = 13 for GA, n = 16 for combination 
therapy). C, Kaplan-Meier curve of control mice (n = 12) and mice treated with ABAH (n = 13), GA 
(n = 13), or combination therapy (n = 16). There was improved survival of mice treated with ABAH and 
GA compared with those treated with ABAH (P = .03) or GA (P = .03). D, Clinical scores (maximum clini-
cal score achieved by each mouse) on day 12 during acute exacerbation period (n = 12 for control, n = 
13 for ABAH, n = 13 for GA, n = 21 for combination therapy). Swiss Jim Lambert mice (8–10 weeks old, 
female; National Cancer Institute, Frederick, Md). * = P , .05, *** = P , .001, **** = P , .0001.
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was also smaller in mice 
treated with combina-
tion therapy (16.7 mm3 
6 6.1; n = 5; two-way 
ANOVA) than in mice 
treated with single ther-
apy (ABAH: mean, 65.2 
mm3 6 12.9; P = .02; 
n = 3; GA: mean, 69.9 
mm3 6 17.8; P = .008; 
n = 3) and control mice 
(mean, 66.0 mm3 6 4.0; 
P = .005; n = 5) (Fig 2, 
B; right).

The early postcon-
trast contrast-to-noise 
ratios at 6 minutes after 
MPO-Gd injection re-
flects leakage of the agent 
across a compromised 
blood-brain barrier, and 
behaves similar to that of 
DTPA-Gd. This measure 
was unable to identify 
whether the combina-
tion therapy (mean, 3.0 
6 0.5; n = 5; two-way 
ANOVA) was more ef-
fective compared with 
the monotherapy and 
control group (ABAH: 
mean, 4.2 6 0.7; P = 
.66; n = 3; GA: mean, 
2.9 6 0.9; P = .99; n = 3; 

control: mean, 3.6 6 1.1; P = .94; n = 3 (Fig 2, C; left). How-
ever, when we compared the MPO-specific lesion activation 
ratio, there was lower lesion activation ratio for the combina-
tion-treated mice compared with the monotherapy groups and 
control group (two-way ANOVA; mean, 0.7 6 0.1; n = 5 for 
combination vs mean, 1.9 6 0.2 for ABAH; P = .17; n = 3 vs 
mean, 3.2 6 0.5 for GA; P = .003; n = 3 vs mean, 2.3 6 0.6 
for control; P = .04; n = 3 (Fig 2, C; right), revealing reduced 
activation of MPO-Gd in the combination-treated mice.

Histopathologic and Flow Cytometry Outcomes
As expected from prior studies (11,17), MPO-Gd enhancement 
matched well with MPO and histopathologic analysis with luxol 
fast blue (Fig 3). There was widespread MPO staining in the 
suboptimal GA-treated group (mean, 2898 6 357.7; P = .01; n 
= 7) and ABAH-treated group (mean, 2673 6 168.4; P = .05; 
n = 7) and a lesser amount of MPO staining in the mice treated 
with combination therapy (mean, 1779 6 208.5; n = 7; one-way 
ANOVA) (Fig 4). Similarly, demyelination was more attenuated 
in the mice treated with combination therapy (mean, 5.3% 6 
0.5; n = 6; Kruskal-Wallis test) than in both suboptimal ABAH-
treated (mean, 9.0% 6 0.8; P = .03; n = 6) and suboptimal GA-
treated mice (mean, 10.6% 6 1.5; P = .05; n = 6 (Fig 4).

vival, 14 days; P = .16) (Fig 1, C; Fig E2 [online]). When calculat-
ing the maximum clinical score achieved by each mouse on day 
12 during the acute exacerbation period, the mice treated with 
combination therapy showed improved clinical scores during 
the acute exacerbation period (Kruskal-Wallis test; mean, 1.8 
6 0.3; n = 21 vs ABAH: mean, 3.8 6 0.4; P , .001; n = 13 vs 
GA: mean, 3.1 6 0.4; P = .03; n = 13 vs control group: mean, 
3.9 6 0.3; P , .001; n = 12) (Fig 1, D).

Combination Therapy Reduced Active Inflamed Plaques in 
Vivo
In the control mice and in mice with suboptimal ABAH or 
GA treatment, there were widespread MPO-positive lesions 
throughout the brain but markedly fewer such lesions in the 
brains of mice treated with combination therapy (Fig 2, A). 
There was marked reduction in other imaging metrics of active 
disease with the combination therapy (Fig 2, B and C). Dur-
ing the acute exacerbation period, there were fewer lesions in 
mice treated with combination therapy (mean, 30.2 6 2.7; n 
= 5; two-way ANOVA) than in mice treated with single ther-
apy (ABAH: mean, 73.7 6 7.4; P = .008; n = 3; GA: mean, 
64.8 6 14.3; P = .03; n = 3), and control mice (mean, 67.2 
6 6.7; P = .009; n = 5 (Fig 2, B; left). The total lesion volume 

Figure 2: Images show myeloperoxidase (MPO)-specific MRI of treatment effect. A, Representative three-dimensional maps 
of 90-minute bis-5-hydroxytryptamide-diethylenetriaminepentaacetate gadolinium (hereafter, MPO-Gd) contrast-to-noise ratios 
(CNRs) over entire brain (axial view) show overall disease burden for each group. B, Average lesion number and lesion volume (on 
day 10, the acute exacerbation period; n = 5 in control group, n = 3 in single therapy group, n = 5 in combination therapy group). 
C, Early CNRs at 6 minutes after MPO-Gd injection (n = 3 in control group, n = 3 in single therapy group, n = 5 in combination 
therapy group) and MPO-specific lesion activation ratios (n = 3 in control group, n = 3 in single therapy group, n = 5 in combination 
therapy group). Swiss Jim Lambert mice (8–10 weeks old, female; National Cancer Institute, Frederick, Md). ABAH = 4-aminoben-
zoic acid hydrazide, GA = glatiramer acetate. * = P , .05, ** = P , .01.
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in the combination group than in the control group (two-way 
ANOVA; mean, 1.4% 6 0.2 for combination; n = 5 vs mean, 
2.7% 6 0.4 for control; P = .046; n = 5) (Fig E3b [online]), but 
did not find a difference between the combination group and 
single therapy groups (two-way ANOVA; mean, 1.4% 6 0.2 for 
combination; n = 5 vs mean, 2.1% 6 0.1 for ABAH; P = .58; 
n = 3 vs mean, 2.2% 6 0.4 for GA; P = .25; n = 6) (Fig E3b 
[online]). We found no difference between all four groups for 
neutrophils (two-way ANOVA; mean, 3.9% 6 0.5 for combi-
nation; n = 5 vs mean, 4.8% 6 1.0 for ABAH; P = .85; n = 3 vs 
mean, 3.6% 6 0.5 for GA; P = .99; n = 6 vs mean, 3.9% 6 0.9 

We also profiled for macrophages and microglia, proinflam-
matory monocytes, neutrophils, and lymphocytes in the brain by 
using flow cytometry to assess whether the treatments changed 
the immune cell populations (Fig E3 [online]). We found no 
difference in the number of macrophages and microglia between 
the four groups (mean, 60.4% 6 4.8; n = 5 for combination 
therapy vs mean, 44.7% 6 7.9 for ABAH; P = .18; n = 3 vs 
mean, 47.7% 6 3.0 for GA; P = .20 n = 6 vs mean, 53.4% 6 
4.3 for control; P = .69; n = 5 (Fig E3a [online]). We found fewer 
proinflammatory monocytes (Ly-6Chi/F4/80low, or cell popula-
tion with high expression of Ly-6C and low expression of F4/80) 

Figure 3: Images show correlation of myeloperoxidase (MPO)-specific MRI with histopathologic analysis for MPO and demyelination. A, Representa-
tive late (90-minute) brain MRI (axial plane) for MPO-specific enhancing lesions (white arrow) throughout brain in suboptimally treated mice with 4-ami-
nobenzoic acid hydrazide (ABAH), glatiramer acetate (GA), or combination therapy. Corresponding histopathologic slices (red rectangles) of, B, MPO 
immunostaining and, C, myelination (luxol fast blue [LFB]; blue areas represent intact myelin and white areas are demyelinated) in mice treated with ABAH, 
GA, or combination therapy. Scale bar = 1 mm; original magnification, 31.25. Swiss Jim Lambert mice (8–10 weeks old, female; National Cancer Institute, 
Frederick, Md).
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benefit could be noninvasively tracked with MRI, demonstrat-
ing a lower number of MPO-positive lesions, smaller lesion vol-
ume, and a reduced amount of MPO-mediated enhancement 
with the combination therapy than with either drug alone or 
the control group. The reduced demyelination and MPO pro-
tein at neuropathologic analysis further corroborated the syn-
ergistic benefits. Our data illustrated that molecular imaging 
with bis-5-hydroxytryptamide-diethylenetriaminepentaacetate 
gadolinium (hereafter, MPO-Gd) can track the effects of im-
munomodulatory drugs even if the drugs do not specifically 
affect MPO. This is likely due to MPO being a downstream 
effector molecule of inflammation, thus allowing MPO-Gd to 
sense changes from upstream modulations. No unexpected ad-
verse events occurred when applying the two drugs together.

In our study, molecular MRI of MPO played a key role in the 
evaluation of the different therapies. Previous studies have com-
pared MPO-Gd with diethylenetriaminepentaacetate gadolinium, 
or DTPA-Gd, in several animal models including experimental 

for control; P . .99; n = 5) (Fig E3c [online]) and lymphocytes 
(two-way ANOVA; mean, 24.8% 6 5.1 for combination; n = 
5 vs mean, 38.6% 6 10.4 for ABAH; P = .34; n = 3 vs mean, 
39.2% 6 2.6 for GA; P = .18; n = 6 vs mean, 33.8% 6 4.6 for 
control; P = .58; n = 5) (Fig E3d [online]). Although nonsig-
nificant, there appeared to be a lower number of lymphocytes in 
the combination-treated groups compared with the other groups 
(Fig E3d [online]).

Discussion
Most current therapies for multiple sclerosis target lymphocytes 
or lymphocytic function. However, response may be less than 
optimal due to damage caused by innate immune cells. In this 
study, we established that combination drug therapy targeting 
both myeloid and lymphocytic inflammation is effective for 
autoimmune neuroinflammation in a mouse model, even at 
suboptimal doses. By using myeloperoxidase (MPO) as a bio-
marker for active inflammation, we found that this synergistic 

Figure 4: Images show histopathologic analyses of myeloperoxidase (MPO) and myelination. A, Representative high-magnification immuno-
histochemical slices of MPO staining and myelination (luxol fast blue [LFB]; blue areas represent intact myelin and white areas are demyelinated). 
B, Quantification of MPO in mice treated with 4-aminobenzoic acid hydrazide (ABAH) (n = 7), glatiramer acetate (GA) (n = 7), and combination 
therapy (n = 7); demyelination in mice treated with ABAH (n = 6), GA (n = 6), and combination therapy (n = 6). Scale bar = 50 mm; original magni-
fication, 350. Swiss Jim Lambert mice (8–10 weeks old, female; National Cancer Institute, Frederick, Md). * = P , .05.
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is a potential effective therapy for autoimmune neuroinflamma-
tion at reduced doses and potential toxicities. Interestingly, only 
combination therapy decreased proinflammatory monocytes. 
Although beyond the scope of this work, this suggests that the 
two drugs acted in synergy: as 4-aminobenzoic acid hydrazide 
partially reduces the proinflammatory response caused by my-
eloperoxidase, this may have allowed glatiramer acetate–induced 
T helper type 2 cells to more effectively block the recruitment of 
additional proinflammatory monocytes, given that T helper type 
2 cells have been found to decrease monocyte chemoattractant 
protein-1 (29). Future work to reveal additional mechanistic in-
sight into how these treatment regimens affected myeloid and 
lymphocytic inflammation would be valuable in the develop-
ment of therapeutic options.
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