-

Beta-lactam antibiotics modulate T-cell functions
and gene expression via covalent binding

to cellular albumin

Felix Mor*® and Irun R. Cohen®’

2Department of Immunology, Weizmann Institute of Science, Rehovot 76100, Israel; and ®Department of Internal Medicine B, Rabin Medical Center
and Felsenstein Research Center, Sackler Faculty of Medicine, Tel Aviv University, Ramat Aviv 69978, Israel

Edited* by Michael Sela, Weizmann Institute of Science, Rehovot, Israel, and approved January 2, 2013 (received for review September 25, 2012)

Recent work has suggested that beta-lactam antibiotics might
directly affect eukaryotic cellular functions. Here, we studied the
effects of commonly used beta-lactam antibiotics on rodent and
human T cells in vitro and in vivo on T-cell-mediated experimental
autoimmune diseases. We now report that experimental autoim-
mune encephalomyelitis and adjuvant arthritis were significantly
more severe in rats treated with cefuroxime and other beta-lactams.
T cells appeared to mediate the effect: an anti-myelin basic protein
T-cell line treated with cefuroxime or penicillin was more enceph-
alitogenic in adoptive transfer experiments. The beta-lactam ampi-
cillin, in contrast to cefuroxime and penicillin, did not enhance
encephalomyelitis, but did inhibit the autoimmune diabetes devel-
oping spontaneously in nonobese diabetic mice. Gene expression
analysis of human peripheral blood T cells showed that numerous
genes associated with T helper 2 (Th2) and T regulatory (Treg) dif-
ferentiation were down-regulated in T cells stimulated in the pres-
ence of cefuroxime; these genes were up-regulated in the presence
of ampicillin. The T-cell protein that covalently bound beta-lactam
antibiotics was found to be albumin. Human and rodent T cells
expressed albumin mRNA and protein, and penicillin-modified al-
bumin was taken up by rat T cells, leading to enhanced encephali-
togenicity. Thus, beta-lactam antibiotics in wide clinical use have
marked effects on T-cell behavior; beta-lactam antibiotics can func-
tion as immunomodulators, apparently through covalent binding
to albumin.

autoimmunity | T-cell differentiation | immune regulation |
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Beta-lactam antibiotics have been in use for decades for the
treatment of bacterial infections. Investigation of their mecha-
nism of action revealed that beta-lactam antibiotics bind covalently
to bacterial proteins (penicillin-binding proteins), hindering cell-
wall synthesis (1). It was initially thought that beta-lactam anti-
biotics would not be able to directly affect mammalian cells be-
cause mammalian cells do not make cell walls. On theoretical
grounds, however, beta-lactam compounds might also bind eu-
karyotic cellular proteins and thereby affect their functions. Indeed,
recent screening of various compounds in models of amyotrophic
lateral sclerosis led to the discovery that beta-lactam antibiotics
could increase the expression of neuronal glutamate transporter
in cultured mammalian cells (2). Moreover, ceftriaxone was found
to protect animals from several forms of glutamate-induced tox-
icity (2). Thus, a compound evolved by yeast apparently to inhibit
competing bacterial cells (1) was demonstrated to induce gene
expression in eukaryotic neuronal cells.

We initiated this study to examine the effects of beta-lactam
antibiotics on T-cell functions in vitro and in vivo. Surprisingly,
we found that cefuroxime enhanced adjuvant-induced arthritis
(AA) and experimental autoimmune encephalomyelitis (EAE),
both passive and active, in Lewis rats, and ampicillin inhibited
type I diabetes in nonobese diabetic (NOD) mice. Penicillin was
found to bind intracellular albumin; cefuroxime was found to
suppress the expression of genes of the Th2 and Treg differentiation
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pathways; and ampicillin was found to induce increased expres-
sion of these genes.

Results

Enhancement of Actively Induced EAE and AA by Cefuroxime Treatment.
To test the effects of antibiotics in vivo, we induced active
EAE and treated the injected rats with oral cefuroxime axetil
in the drinking water from day 7 postinduction; the daily dose
was 50 mg/kg, in the range of therapeutic pediatric human
doses (3). For a control antibiotic, we administered orally the
i.v. cefuroxime sodium preparation, which is not absorbed into
the circulation. The rats that received oral cefuroxime developed
significantly more severe EAE (Fig. 1). To extend our results to
another experimental autoimmune disease, we induced AA in 16
rats (4). On day 12 postinjection, the rats were divided into two
groups of eight rats each with similar disease scores; one group was
injected i.p. with cefuroxime 5 mg (25 mg/kg) on day 12 and every
other day to day 29. We chose a treatment regime (once every 2 d)
that is different from the antibacterial dosing regime (three daily
injections) to differentiate the immunomodulating effect from an
antibacterial effect. The rats that had been injected with cefuroxime
showed significantly more severe arthritis scores (Fig. 2). Thus, the
enhancing effects of cefuroxime were manifested in two experi-
mental autoimmune diseases.

Cefuroxime Treatment of Encephalitogenic T Cells Enhances Adoptive
EAE. Treatment with cefuroxime in vivo could affect many dif-
ferent host agents involved in EAE or AA as well as influencing
the rats’ bacterial flora (5). To test whether the antibiotic might
directly modify the behavior of effector T cells, we stimulated an
encephalitogenic T-cell line in the presence or absence of cefur-
oxime in vitro. The activated T cells were then washed to remove
the antibiotic, and the T cells were injected into naive recipient
rats. We used the BP10 line attenuated by repeated stimulations
to reduce its pathogenic potential, and to allow us to detect either
suppression or enhancement of encephalitogenicity. We found
that the presence of cefuroxime during T-cell activation markedly
enhanced the manifestations of EAE in the recipient rats (Fig. 3).
A similar enhancing effect was seen upon incubation of the BP10
line with 50 pg/mL of another beta-lactam antibiotic, penicillin.
To rule out antigen-presenting cells (APC) as the target of the beta-
lactam antibiotic (6), we stimulated the encephalitogenic line
without APC using phorbol myristate acetate (PMA; 50 ng/mL)
and ionomycin (500 ng/mL) in the presence or absence of cefur-
oxime. The EAE mediated by the T cells stimulated in the presence
of cefuroxime was significantly more severe (Fig. S1), indicating
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Fig. 1. Oral cefuroxime increases the severity of actively induced EAE. Rats,
four in each group, were injected with GpMBP/CFA to induce active EAE.
Test rats were given cefuroxime in the drinking water; we dissolved one
500-mg tablet in 500 mL of drinking water to administer 50 mg/kg. Control
rats were given orally the i.v. preparation of cefuroxime sodium that is not
absorbed from the gastrointestinal tract (45); a second control group was
given water without antibiotics. Rats given the oral cefuroxime preparation
(cefuroxime axetil) showed significantly more severe EAE than the two
control groups. Asterisks indicate significant (P < 0.05) changes between
cefuroxime and control groups.

that the antibiotic directly enhanced the encephalitogenicity of the
T cells.

Different Beta-Lactam Antibiotics Enhance EAE. We tested several
beta-lactam antibiotics (see Table S1 for a description of beta
lactams used) for their effect on the adoptive transfer of EAE.
We incubated the BP10 line with ceftriaxone, penicillin, or am-
picillin (50 pg/mL). Ceftriaxone enhanced EAE severity, as did
penicillin, but ampicillin treatment did not increase the severity
of EAE (Fig. S2).

Ampicillin Protects NOD Mice from Diabetes. NOD mice spontane-
ously develop diabetes mellitus similar to type I diabetes in
humans (7). Because ceftriaxone enhanced EAE, but ampicillin
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Fig. 2. Exacerbation of adjuvant-induced arthritis by cefuroxime treatment.
Rats were injected with CFA at the base of tail to induce AA. On day 12, the
rats were divided into two similar groups based on their clinical scores. The
experimental group was injected i.p. with 5 mg of cefuroxime on day 12 and
then every other day till day 29. Recipients of cefuroxime demonstrated
more severe arthritis scores than the control group. Asterisks indicate sig-
nificant (P < 0.05) changes between cefuroxime and control group.
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did not, we tested the effects of both beta-lactam antibiotics on
the development of autoimmune diabetes in NOD mice. Groups
of 10 mice were untreated or injected s.c. at weekly intervals with
ceftriaxone (675 pg per mouse) or ampicillin (1,300 pg per
mouse). The mice treated with ampicillin developed an incidence
of diabetes of 30% at 5.7 mo, whereas the untreated control and
ceftriaxone-injected mice manifested a 60% incidence of disease
(Fig. S3; P = 0.05 control vs. ampicillin and P = 0.017 ceftriaxone
vs. ampicillin). Thus, some beta-lactam antibiotics can have op-
posing effects on different T-cell-mediated autoimmune diseases
in rodents: ampicillin down-regulates NOD mouse diabetes, but
not rat EAE, and ceftriaxone up-regulates rat EAE, but not
mouse diabetes. In experiments using beta lactams in vivo, it is
possible that the effects were due to changes in the bacterial
microbiome that is known to affect T-cell regulation (8).

Cefuroxime and Ampicillin Manifest Opposing Effects on Immune-
Related Gene Expression in Human T Cells. In view of the wide use
of beta-lactam antibiotics in clinical medicine, we directed the
mechanistic studies to a set of important human T-cell genes; we
used the Human Autoimmune and Inflammatory Response
Gene Array (SuperArray Bioscience Corp.). This array contains
367 genes, including cytokines; chemokines and their receptors;
transcription factors; and signaling proteins. We purified CD4*
T cells from healthy human donors, stimulated them for 120 min
with mitogenic plate-bound anti-CD3 antibody in the presence
or absence of cefuroxime 50 pg/mL or ampicillin 50 pg/mL, and
analyzed the effect on gene expression. Analysis of the results
was performed using the GEArray analysis program. The results
are shown in Table S2. Fifty-eight genes were found to be down-
regulated significantly by cefuroxime, but most of these genes (56
of 58) were up-regulated by ampicillin. Interestingly, eight of
these genes were reported to be down-regulated in the periph-
eral blood lymphocytes of multiple sclerosis patients in Israel
(9), and 15 genes were down-regulated in the T cells of multiple
sclerosis patients in Japan (10). The products of these genes in-
cluded cytokines; chemokines and their receptors; signaling mol-
ecules; and transcription factors (Table S2). Many of the genes
down-regulated by cefuroxime and up-regulated by ampicillin
were reported to participate in Th2 and Treg pathways, and only
a minority has been implicated in the Th1 pathway. Note that the
cytokine gene TNF-a, considered to be proinflammatory, was
found to have anti-inflammatory effects in knockout mice (11).
The down-regulation of molecules in the Th2/Treg pathways by
cefuroxime is consistent with its augmentation of EAE (12) and
AA; in contrast, the up-regulation of these genes by ampicillin is
consistent with its down-regulation of NOD diabetes (13).

Human T-Cell Protein of 67 kDa Specifically Binds Penicillin Covalently.
Penicillin and other beta-lactam antibiotics have been shown to
inhibit bacterial cell-wall synthesis by binding covalently to spe-
cific penicillin-binding proteins and thus interfering with their
enzymatic activity (1). We reasoned that beta-lactam antibiotics
might affect T-cell behavior likewise by covalently binding a key
T-cell protein. To test this hypothesis, we incubated purified
CD4 or CD8 human T cells with 10 or 20 pCi of tritium-labeled
beta-lactam benzylpenicillin (Amersham) for 3 d during stimulation
with PMA and ionomycin. The stimulated T cells were collected
and washed, and their proteins were subjected to SDS/PAGE
separation. As seen in Fig. 4, a single major penicillin—protein
radioactive band was detected at 67 kDa in lysates of both CD4
and CD8 T cells. The intensity of the band was stronger in CD4
T cells in the presence of 20-pCi concentration of penicillin.

Albumin Is the 67-kDa Penicillin-Binding Band. We isolated the
67-kDa lactam-binding band by activating human T cells in the
presence of biotinylated ampicillin or biotinylated ceftriaxone,
lysed the cells, and purified the lysates by binding to a CaptAvidin
column (Invitrogen). The fractions binding the beta-lactam anti-
biotics were eluted by applying carbonate/bicarbonate buffer or
by free biotin. The isolated protein band was subjected to
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Fig.3. Cefuroxime enhances the pathogenicity of the BP10 line. The weakly
encephalitogenic BP10 line was stimulated for 3 d with MBP in the presence
or absence of cefuroxime (50 pg/mL). The stimulated T cells were then in-
oculated (107 per rat) i.p. to naive rats, and EAE was scored. The recipients of
the cefuroxime-treated cells showed significantly more severe disease scores;
asterisks indicate significant (P < 0.05) changes between cefuroxime and
control group.

enzymatic digestion, and the resulting peptides were identified by
mass spectrometry. The 67-kD protein from human CD4 T
cells was identified as human serum albumin. Thus, albumin
seems to be a lactam-binding protein in human T cells.

Because albumin is a known contaminant in sequencing stud-
ies, we repeated the isolation of the 67-kD band from penicillin-
treated cells using immunoprecipitation (IP) with anti-human
serum albumin (anti-HSA) and Western blotting with an antibody
that binds specifically to penicillin bound to proteins, Pen 9 (14).
Fig. 54 shows the results of this experiment. The 67-kDa band
appears in the IP of cytoplasmic and nuclear fractions; the band
was absent from the lysate of the cytoplasmic fraction following
immune precipitation (lane 5). In other words, IP with anti-HSA
antibody resulted in the disappearance of the penicillin-protein
band from the cytoplasmic lysate, suggesting that, except for al-
bumin, there are no other proteins of a similar molecular weight
that are modified by penicillin.

Analysis of T-Cell Beta-Lactam Binding by Anti-Penicilloyl-Albumin
Antibody. We used a monoclonal anti-penicilloyl-albumin anti-
body to further confirm that the beta-lactam binding molecule

lysate pellet CD4  CD8
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Fig. 4. Radioactively labeled penicillin binds a 67-kDa band in human T-cell
lysates. CD4 and CD8 cells were separated and purified from healthy hu-
man donors, and incubated in stimulation medium with PMA and ionomycin
and 3[H]benzylpenicillin for 72 h. Cell lysates were separated on SDS gels,
and the dried gels were exposed in intensifying screens to X-ray film for 2 wk
at-80 °C. (Left) CD4 T cells; (Right) CD4 and CD8 T cells. Cyt, cytoplasmic; Lys,
total lysate; Nuc, nuclear fraction; Pel, pellet of total lysate.
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produced by human T cells is albumin. When penicillin binds co-
valently to a protein, the beta-lactam ring binds to a lysine residue
(15). A monoclonal antibody called Pen 9 is specific to the thia-
zolidine ring of penicillin bound to albumin (14). To test the re-
activity of Pen 9 in our system, we activated purified human T cells
by mitogenic treatment in the presence of the beta-lactam anti-
biotics penicillin and ampicillin or with other families of antibiotics
in culture and tested the lysates by Western blot with Pen 9. Fig.
5B shows that the Pen 9 reacted specifically to a major protein of
the penicillin-treated T cells and not with the other antibiotics
present during T-cell activation. Note that Pen 9 did not bind to
the ampicillin-treated T cells; apparently the albumin molecule
modified by ampicillin does not present the specific epitope pre-
sented by the penicillin—albumin molecule.

Pen 9 Monoclonal Antibody Detects Penicillin-Albumin in Vive. To
learn whether penicillin binds albumin in vivo, we injected Lewis
rats i.p. with penicillin (50 mg/rat) and 2 h later tested various
tissue lysates for reactivity with Pen 9 antibody in Western blot.
The results are shown in Fig. 5C. The 67-kDa band representing
penicilloylated albumin appeared in all tissues examined and, as
expected, was most abundant in serum. We also tested lysates of
various cell lines raised in vitro. Fig. 5D shows that the penicillin-
modified albumin band could be detected in mesenchymal stem
cells, dendritic cells, and Jurkat, MOLT4, FAO, and CEM lines.
Albumin was absent in the FAO rat hepatoma cell line, which is
known to have dedifferentiated and to have lost its expression of
albumin (16).

Albumin mRNA and Protein Is Expressed by T Cells. To test whether
T cells might indeed produce albumin, we analyzed by RT-PCR
the expression of albumin mRNA in rat T cells compared with
other tissues. Fig. 64 shows that albumin mRNA could be de-
tected in rat T cells, as well as in spleen, kidney, heart, and
pancreas. A similar level of expression was detected in human
CD4 T cells. To test the production of albumin protein by T cells,
we used a monoclonal antibody that binds to human albumin and
not to BSA (Sigma catalog no. A6684). Human CD3 T cells were
cultured in 10% (vol/vol) FCS; after 3 d in culture, the T cells were
stimulated with anti-CD3 (OKT3, 50 ng/mL) and IL-2 (100 U/
mL). The cells were collected after 1, 2, and 4 d of stimulation. As
seen in Fig. 6B, the human cells expressed significant amounts of
human albumin in culture. Note that the antibody did not rec-
ognize BSA; therefore, the albumin expressed is of human origin.

Penicillin-Modified Albumin Is Taken Up By T Cells. To test whether
penicillin-modified albumin can enter T cells, we incubated hu-
man serum albumin with penicillin, and then dialyzed it exten-
sively. The resulting penicillin-modified albumin was incubated
with purified human CD4 T cells for 1, 2, or 3 h, and the cells
were lysed and tested by Western blot with monoclonal Pen 9
antibody. Fig. 6C shows the results. The penicillin-modified al-
bumin detected by Pen 9 entered the cells and was detectable in
the nuclei within 1 h. Thus, T cells can take up penicillin-mod-
ified albumin and transport it to the nucleus. Is the penicillin-
modified albumin functional in T-cells?

Penicillin-Modified Albumin Augments the Pathogenicity of the BP10
Line. To test whether the penicillin-modified albumin moiety
itself could enhance the effector functions of a T-cell line, we
stimulated the encephalitogenic BP10 line with penicillin-modi-
fied albumin (5 mg/mL) for 3 d in stimulation medium and tested
in vivo the capacity of the line to mediate EAE. Fig. 6D shows
that similar to penicillin alone, penicillin-modified albumin en-
hanced the pathogenicity of the T cells. In additional experi-
ments, unmodified human albumin alone had no significant
effect on the severity of the EAE mediated by the line.

Discussion

The present research uncovered three unexpected findings that
bear important clinical and fundamental implications: (i) beta-
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Fig. 5. (A) Immunoprecipitation of 67-kDa band with anti-human serum
albumin antibody. Nuclear (lane 1) or cytoplasmic (lane 2) lysates of human
CDAT cells treated with penicillin (control: no lysate, lane 3) were incubated
with rabbit polyclonal anti-human albumin (Sigma), precipitated with pro-
tein A Sepharose, and run on an SDS gel. Lysates without the protein A
bound complex (lane 4, nuclear; lane 5, cytoplasmic; lane 6, no lysate control;
lane 7, positive control) were run. Western blot analysis was performed with
monoclonal anti-penicillin (Pen 9). IP of the cytoplasmic fraction with anti-
human albumin resulted in the disappearance of the penicilloyl band, in-
dicating that the only labeled protein was albumin. (B) T cells express albumin
modifiable by penicillin. Human CD3 cells were stimulated in vitro with PMA
and ionomycin in the presence of the indicated antibiotics for 48 h. The cells
were collected, washed, and lysed in lysis buffer, and the lysates were sepa-
rated in SDS/PAGE. Proteins were transferred to nitrocellulose and probed
with Pen 9 in standard Western blots. The Pen 9-labeled 67-kDa band is
present only in penicillin-treated T cells. Lane 1 cells, untreated with anti-
biotics; lane 2, penicillin; lane 3, ampicillin; lane 4, cefuroxime; lane 5, chlor-
amphenicol; and lane 6, vancomycin. (C) Detection of in vivo penicillin-labeled
proteins. Lewis rats were injected with penicillin G; 120 min after injection, the
rats were killed and various tissues were subjected to SDS/PAGE and Western
blotting with monoclonal Pen 9 antibody. The 67-kDa band is present in all
tissues and is most abundant in the serum sample. Lane 1, thymus; lane 2,
spleen; lane 3, serum; lane 4, kidney; lane 5, intestine; lane 6, liver; lane 7, lung;
lane 8, positive control human PBL. (D) Western blot analysis of various cell lines
treated with penicillin shows the dominant 67-kDa band in most samples. Lane
1, mouse mesenchymal stem cells; lane 2, mouse immature dendritic cells; lane
3, mouse mature dendritic cells; lane 4, Jurkat; lane 5, human acute lympho-
blastic leukemia (ALL) line MOLT-4; lane 6, FAO rat hepatoma cell line; lane 7,
CEM human ALL line. The band is absent from a hepatoma cell line that was
documented to have undergone dedifferentiation and lost its aloumin ex-
pression (16).

lactam antibiotics in common use can act as modulators of T-cell
behavior; (ii) different beta-lactam molecules can up-regulate
proinflammatory T-cell phenotypes or down-regulate them spe-
cifically; and (i) the immune modulation appears to be medi-
ated by interaction of the beta-lactam molecule with albumin
produced by the T cells.

Let us start with the third finding. Albumin is widely known to
be a blood protein produced by the liver and active in main-
taining osmotic pressure in the vascular system and as a carrier
for a variety of body molecules and drugs (17). Nevertheless, we
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detected albumin expression in several tissues and cells, such as
mesenchymal stem cells, dendritic cells, and Jurkat, MOLT4, FAO,
and CEM lines (Fig. 6D). Moreover, “ectopic” albumin expres-
sion has been previously described in healing bone (18); skin
(19); granulosa cells (20); kidney and pancreas (21); and mam-
mary gland (22). Furthermore, albumin was described to affect
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Fig. 6. (A) Relative expression of albumin mRNA in various tissues by RT-PCR.

Total RNA was extracted from various tissues and cDNA was prepared. Real-
time PCR was performed and the quantities relative to liver (level of ex-
pression considered as 1) were depicted. (B) Human albumin expressed by
human CD3 T cells. CD3 T cells were maintained in culture in 10% FCS in RPMI
medium. Cells were stimulated with OKT3 antibody (50 ng/mL) and
recombinant IL-2 (100 U/mL) for 1-4 d. Cells were lysed and 15 pg protein was
run in SDS gels. Control lanes were purified human albumin (lane 5) and BSA
(lane 6). A positive band was detected in cells before stimulation (lane 1) and
at 1, 2, and 4 d (lanes 2-4) of stimulation. (C) Western blot of human CD4 T
cells incubated with penicillin-modified albumin. The T cells were harvested
after 1, 2, or 3 h. Cytoplasmic and nuclear fractions were run on SDS trans-
ferred to nitrocellulose and tested with Pen 9 antibody. Cytoplasmic and
nuclear penicillin-labeled-albumin was seen after 1 h, and peaked at 3 h. Lane
1, NC indicates negative control; lanes 2-4, cytoplasmic lysate after 1-, 2-, and
3-h incubation with penicillin—albumin complex. Lane 5, positive control cy-
toplasmic lysate of cells incubated with penicillin. Lane 6, nuclear lysate; lanes
7-9, nuclear lysates after 1-, 2-, and 3-h incubation with penicillin-modified
albumin. Lane 10, positive control nuclear lysate of cells incubated with
penicillin. (D) Penicillin-modified albumin augments the pathogenicity of
BP10 line. Human albumin was incubated or not with penicillin (100 mg/mL
for 2 h at 37 °C), dialyzed against PBS, and then added at 5 mg/mL to
stimulation medium of BP10 line. Following 3 d of stimulation, cells were
washed and injected i.p. into naive Lewis rats, 107 cells per rat. A control
group was injected with the untreated line.
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several biological processes: secretion of TGF-p1 by kidney tu-
bular cells (23), and prevention of apoptosis in neuroblastoma
cells (24) in neuronal cells (25) and in chronic lymphocytic leu-
kemia lymphocytes (26). In endothelial cells, albumin was found
to activate the TGF-p receptor II, including the phosphorylation
and nuclear translocation of SMAD proteins (27). Other studies
have found albumin to interact with DNA (28), transfer RNA
(29), and tumor-associated peptides and proteins (30). Many
pharmacological studies of albumin have identified two major
binding pockets of the molecule with specific endogenous and
exogenous ligand binding-specific sites (31). There are earlier
reports that penicillin binds covalently to albumin (32), and such
binding affects the properties of albumin (33). However, we did
not expect albumin to be produced by immune cells or to acquire
immune functions following an interaction with beta-lactams.

Further research must be done to learn how albumin modi-
fied by beta-lactam antibiotics is taken up by T cells and how
the modified albumin affects T-cell gene expression and be-
havioral phenotype. The chemical modification of BSA by
N-acetylglucosamine was previously described as a signal for
nuclear translocation (34). Indeed, proteomic studies have
identified albumin within nuclei (35). Interestingly, six of the
genes that were modified by beta-lactam treatment of human
CD4 T cells are situated in the TGF-p pathway (Table S2),
similar to the documented effect of albumin on endothelial
cells (27). The modification of TGF-p-related genes is likely to
be important, because recent work implicates TGF- signaling
at the crossroads of T-cell differentiation into both Th17 ef-
fector cells (36) and Treg cells (37). The half-life of penicillin-
modified albumin is prolonged to 7 d (32), compared with the
half-life of free penicillin of 42 min; thus the biological effects
of modified albumin are likely to be prolonged.

However, the implications of the observed effects of beta-lac-
tams on T-cell immune functions are clinically important, irre-
spective of the molecular mechanisms responsible for them. In the
medical literature, there are many publications linking exacerba-
tion of multiple sclerosis, a Th1-type human autoimmune disease,
to infections. These infections were of suspected viral origin of the
respiratory tract (38) or bacterial origin of the sinuses or urinary
tract (39, 40). Though the suggested mechanism implicated the Thl
cytokines released during the infection as stimulatory to the path-
ogenic autoreactive T cells, our data point to the use of penicillins
during such infections as potential exacerbating factors.

In summary, the present work documents unique and signifi-
cant effects of beta-lactam antibiotics on T-cell functions. The
molecular mechanism appears to involve chemical modification of
albumin, leading to widespread changes in cellular genes leading
to a change in T-cell behavior. Beyond pointing out a unique
function of albumin, these results suggest that the antibiotic-
modified protein deserves testing in diseases where immune mod-
ulation might have therapeutic benefits. The in vivo autoimmune
disease modulation seen with antibiotics raises the questions of
how the antibiotics would affect additional important T-cell
functions, such as Th2-mediated autoimmune diseases, viral
infections, tumor cell rejection, and graft rejection. In preliminary
experiments in C57BL mice inoculated with the syngeneic RMA
tumor, the beta-lactam molecule 6-aminopenicillanic acid was
found to suppress tumor growth, possibly by inducing an aug-
mented Thl immune response. The beta-lactam molecule 6-
aminopenicillanic acid is essentially free of antibacterial activity,
suggesting that it might be possible to develop beta-lactam im-
mune modulators free of untoward effects on commensal bac-
teria and without selecting resistant bacteria.

Methods

Animals. Inbred female Lewis rats and NOD mice were supplied by the animal
breeding center of the Weizmann Institute of Science under the supervision of
Harlan Laboratories and were used at 2-3 mo of age. Experiments were ap-
proved by the Weizmann Institute of Science Institutional Animal Care and Use
Committee. Human peripheral blood lymphocytes from healthy donors were
obtained from the blood bank of Sheba Medical Center, Tel Hashomer, Israel.

Mor and Cohen

Reagents, Antigens, and Antibodies. Mycobacterium tuberculosis H37Ra was
purchased from Difco. Guinea-pig MBP and ConA were purchased from
Sigma. Antibiotics were purchased from a local pharmacy. Anti-human CD3
(OKT3; eBioscience) was used to coat 24-well plates at 2 pg/mL in PBS.
Rabbit polyclonal anti-human serum albumin was purchased from Sigma
(catalog no. A0433). Mouse monoclonal against human serum albumin that
does not bind BSA was from Sigma (catalog no. A6684). Mouse monoclonal
anti-penicillin (Pen 9) was from AbD Serotec. CaptAvidin was from Invi-
trogen, and Sulfo-NHS-LC-Biotin was from Pierce.

Real-time PCR primers for rat albumin were forward primer CCCGAT-
TACTCCGTGT; reverse primer TGGCGTTTTGGAATCCATA. Human primers for
albumin were forward ATGCGCTATTAGTTCGTTAG; reverse primer CATGG-
TCGCCTGTTCA. Radioactive 3[H]benzylpenicillin was purchased from Amer-
sham (250 pCi, 1 mCi/mL). Human albumin was from Calbiochem (Merck).

T-Cell Lines. Antigen-specific T-cell lines were established from lymph node
cells that had been stimulated with MBP (10 pg/mL) for 3 d in stimulation
medium as described above. Following stimulation, the T-cell blasts were
isolated on Lymphoprep (Nycomed Pharma) and seeded in propagation
medium (41). Animals were injected i.p. with 10’ MBP-stimulated T cells,
following 6-8 cycles of in vitro stimulations. In our experience, and that of
other investigators, MBP-reactive lines undergo a reduction in pathogenicity
after six or more in vitro stimulations. In some experiments the BP10 line was
stimulated with PMA (50 ng/mL) and ionomycin (500 ng/mL) for 3 d in
stimulation medium, without antigen-presenting cells (42).

Induction of EAE. Active EAE was induced by s.c. injection of 25 ug guinea-pig
MBP (GpMBP) in complete Freund's adjuvant (CFA). CFA was prepared by
adding 4 mg/mL Mycobacterium tuberculosis (Mt) H37Ra (Difco) to in-
complete Freund’s adjuvant. Adoptive EAE was transferred by i.p. injection
of GpMBP-activated cells of the BP10 line as described (6). Clinical EAE was
observed 4-6 d following administration of T-cell line and 11-12 d following
GpMBP/CFA injection. Clinical scoring was +1, paralysis of tail; +1.5, paresis
of posterior paws and ataxia; +2, paraplegia; +3, paralysis extending to
thoracic spine; +4, a moribund state.

AA Induction and Assessment. Heat-killed Mt strain H37Ra (Difco) was finely
ground using a pestle and mortar, and then suspended to a final concen-
tration of 10 mg/mL in incomplete Freund’s adjuvant. Test rats were injected
at the base of the tail with 100 pL of Mt suspension. The day of AA induction
was designated as day 0. Disease severity was assessed by direct observation
of all four limbs in each animal. A relative score between 0 and 4 was
assigned to each limb based on the degree of joint inflammation, redness,
and deformity; thus, the maximum possible score for an individual animal
was 16. The results are presented as the mean + SE of total score (4).

Radioactive Penicillin-Binding Assay. We obtained tritium-labeled benzylpe-
nicillin from Amersham (250 pCi, 1 mCi/mL). Human CD4 or CD8 T cells were
stimulated in 24-well plates, 5 x 10° cells/mL, with PMA and ionomycin for
72 h in the presence of 10 or 20 uCi of labeled penicillin. Following stimu-
lation, the cells were collected, lysed, and separated by SDS/PAGE. The gels
were fixed, treated with 1 M sodium salicylate, and dried. The dried gels
were exposed to X-ray film (BioMax MS film) for 14 d, with intensifying
screen (BioMax TranScreen; Eastman Kodak), and then developed.

Human T Cells. T cells were purified from the peripheral bloods of healthy
human donors (Blood Bank, Sheba Medical Center). The whole blood was
incubated (20 min, 22 °C) with RosetteSep human T-cell enrichment mixture
(StemCell Technologies). The remaining unsedimented cells were then loaded
onto lymphocyte separation medium (ICN Biomedicals), isolated by density
centrifugation, and washed with PBS. The purified cells were 95% CD3*
T cells. In a second round of purification, CD3* T cells were labeled for se-
lection with a magnetically coupled mAb against CD4 (Miltenyi Biotec). The
purified cells obtained (usually 97% CD4* T cells) were cultured in RPMI
medium 1640 containing 10% heat-inactivated FCS.

Western Blot. Rat tissues were ground with a tissue grinder in lysis buffer. The
homogenate was centrifuged 14,000 x g for 15 min in 4 °C, and the super-
natant was used for Western blotting. The protein concentration was de-
termined using the Bio-Rad DC Protein Assay. Western blots were performed
as described (43).

Immunoprecipitation. For IP experiments, T cells were incubated with peni-
cillin (50 pg/mL) for the times indicated and then lysed in lysis buffer. Lysates
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were incubated with rabbit polyclonal antibody to human serum albumin
(Sigma; 1 h room temperature). Next, the mixture was incubated with Pro-
tein A Sepharose for 1 h, and after three washes in PBS the bound proteins
were eluted with sample buffer by heating to 95 °C for 5 min and run in SDS
gels. The 67-kDa band was excised, digested with trypsin, and subjected to
mass spectrometry as described (44).
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Statistical Analysis. The animal disease scores were compared using the
Mann-Whitney test.
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S| Methods

Gene Array Experiments. Human CD4 T cells were isolated as
described, and incubated in 24-well plates (Nunc), 4 x 10° cells/
mL with plate-bound anti-human CD3 (OKT3) at 2 pg/mL. The
stimulation was performed in RPMI medium supplemented with
0.1% BSA. After 2 h of stimulation with or without cefuroxime
(50 pg/mL) or ampicillin (50 pg/mL), cells were collected washed
and suspended in TRI Reagent (Molecular Research Center).
RNA was extracted from samples and used to prepare probes for
gene array in accord with the manufacturer’s instructions (Super-
Array Bioscience). Adequate labeling of the probes was tested
before hybridization. Three healthy donors were tested in stim-
ulation with cefuroxime. The membranes were analyzed online
with the Image Data Acquisition and Expression Analysis (Super-
Array Bioscience).

Real-Time PCR Analysis. To verify the results of the gene array, we
synthesized real-time PCR primers (designed with the Light-
Cycler probe design software; Roche). Real-time PCR of six
selected genes was performed using a LightCycler (Roche). RNA
was reverse-transcribed to cDNA from 1 pg of total RNA, which
was then subjected to quantitative RT-PCR performed essentially
according to the manufacturer’s instructions. Specific primer
pairs were used to amplify specific genes in the presence of 3 mM
MgCl,. PCR was performed in triplicate in a total volume of
20 pL of LightCycler HotStart DNA SYBR Green I mix (Roche)

containing primer and 5 pL of cDNA. PCR amplification was
preceded by incubation of the mixture for 10 min at 95 °C, and
the amplification step consisted of 45 cycles of denaturation,
annealing, and extension. Denaturation was performed for 15 s
at 95 °C; annealing was performed in 60 °C; and the extension
was performed at 72 °C for 20 s, with fluorescence detection at
72 °C after each cycle. After the final cycle, melting-point anal-
yses of all samples were performed within the range of 62-95 °C
with continuous fluorescence detection. A standard curve was
generated from one sample in each run. Expression levels of p2-
microglobulin (B2M) were used for sample normalization
(B-actin levels were affected by cefuroxime treatment). The primer
sequences were B2M sense TAGCTCTAGGAGGGCTG anti-
sense ACCACAACCATGCCTTA; ACVR2 sense ATCTCC-
GCGTAAGGAA, antisense TGGGACTAACAATCGTG; CCR4
sense TCCTAGAGACCCTGGTG, antisense GGACTGCGTG-
TAAGATG; JAK1 sense AGGAGTATTACACCGTCAAG,
antisense GGGTTGGGCCTATCAT; STAT4 sense ACATCCT-
GCGAGACTAC, antisense CACCGCATACACACTT; TLR2
sense CTTCTGGAGCCCATTG, antisense ACGGTACATCC-
ACGTAG; NFKBIE sense GACTTTGTGGTAGAGGCA, an-
tisense AAAACGTGGAGTCAGC. Results for each gene are
presented as the relative expression level compared with B2M.
Comparison between membranes was performed after normali-
zation in accord with the manufacturer instructions.
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Fig. S1.

Cefuroxime enhances line-induced experimental autoimmune encephalomyelitis (EAE) in the absence of antigen-presenting cells. Encephalitogenic

T-cell line was stimulated for 3 d with phorbol myristate acetate (50 ng/mL) and ionomycin (500 ng/mL) with or without cefuroxime (50 ug/mL). Following
stimulation, 107 cells were injected to Lewis rats, and EAE signs were recorded. Asterisks indicate significant (P < 0.05) changes between cefuroxime and

control groups.
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Effects of beta lactams on BP10 line induced EAE in Lewis rats. Groups of rats, four each, were injected i.p. with 107 BP10 line cells stimulated in the

presence of indicated antibiotics (50 pg/mL). Disease scores were determined. Ceftriaxone and penicillin enhanced disease scores, whereas ampicillin did not

augment EAE.

Fig. S3.
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weekly, and were followed for the development of diabetes, marked by blood sugar above 300 mg/dL on two measurements.

Table S1.

Beta Lactam

Clinical uses of beta-lactams studied

Family

Spectrum

Benzylpenicillin
Ampicillin

Cefuroxime
Ceftriaxone

Penicillin
Penicillin

Cephalosporin second generation
Cephalosporin third generation

Streptococcus

Streptococcus, plus Listeria monocytogenes, Enterococcus
species, Proteus mirabilis, and some strains of Escherichia coli

Moraxella catarrhalis, E. coli, P. mirabilis, and Klebsiella species

Expanded coverage of Gram-negative organisms; enhanced
coverage of Proteus vulgaris and Providencia species

Mor and Cohen www.pnas.org/cgi/content/short/1215722110

Inhibition of type | diabetes in nonobese diabetic mice by ampicillin treatment. Mice were injected with ceftriaxone 675 pg or ampicillin 1,350 pg

20of5



Table S2. Effects of cefuroxime and ampicillin on gene expression by CD4+ human T cells
% decrease by % increase by
Gene Full name cefuroxime* ampicillin Function® Th1/Th2*
Chemokines, cytokines,
and their receptors
‘ CCR4 Chemokine receptor 4 39+2 +31 Chemokine receptor Expressed on Th2 cells (1)
and on diabetogenic
" T cells (2)
" CCR6 C-C chemokine receptor 6 53 + 5.6 +83 Expressed on T-regulatory (3)
CCR7 Chemokine receptor 7 38 + 8.1 +43 Bind CCL21 Expressed in EAE (4)
n CCL5 Chemokine 21 +5.6 +25 Monocyte memory Expressed in EAE lesion (5)
T eosinophils
CXCL10 Chemokine 39 +3 +25 CXCR3 the receptor Anti-exacerbation EAE (6)
Attracts Th1 Anti protects EAE (7) and
cells DM (8)
LTA Lymphotoxin alpha 17 + 10 +48.5 Cytokine Blocking exacerbates
arthritis, Th1 (9)
TNF 29 + 85 +39 Cytokine Th1, K/O mice severe
EAE (10)
CCL11 Eotaxin, binds CCR3 18 + 6.6 +107 Cytokine Th2 attracts
eosinophils (11)
SDF2 Stromal cell-derived 28 + 12 +71 Secreted 7?
factor
IL-16 Lymphocyte 50 + 7.8 +14A low expression Treg (12)
chemoattractant
factor
IL-1B Cytokine 54 +7.0 +64A low expression Proinflammatory (13).
IL-9R Receptor 275 +3 No change Receptor Th9 (14)
TNFRSF11A Tumor necrosis 43 + 2 +81A low expression Membrane ??
factor receptor
superfamily,
activator of NF-xB
IL-2RB Surface 50 + 9.9 +93 Binds IL-2
IL-2RG Receptor 57 +9.8 +78A low expression
Surface receptors
TLR2 Receptor 52+ 14 +419 A low expression EAE Exp in Treg (15)
CD28 Surface 51+ 2.1 +175 Bind B7-1 Treg (16)
,‘ SELL Selectin L 46 + 7.0 +124 Adhesion to high ?Th1 (17)
A endothelial venules
e TGF- related
ACVR2 Activin receptor Il 60 + 14.8  +85A low expression Activin is TGF-p-like
ACVR1 Activin receptor 1 42 + 0.7 +53A low expression Activin is TGF-p-like
TGIF 43 + 3.5 +72A low expression Trans factor repress Anti-Th2
SMAD2, 3
TGFBR3 Receptor 44 + 3.5 +139 Regulatory
SMAD7 Inhibits TGF-$ 47 + 4.2 +34A low expression
SMAD4 TGF-B signal 47 +7.0 +85
transduction path
Kinases, signal
transduction
MAP3K2 Kinase 36+ 12 +93 Reg JNK ERK5 7”7
MAP3K7 Kinase 46 + 9.9 +124 TGF- signaling NF-xB ?7?
activation p38 MAPK
MAP3K1 Kinase 53+ 12 +63A low expression Activates ERK JNK ”
MAP2K4 Kinase 52 + 14.1 +150 ?Th1 (18)
MAPK9 Kinase JNK2 42 + 10.9 +46 Th1 (19) No effect
on EAE (20)
PAK1 Kinase 40 + 2.4 +111 JNK apoptosis 7
IRAK1 Kinase 44 + 2.1 +171 Th1 (21)
IL-10 (22)
JAK1 Janus kinase 1 53+ 134 +161 INF-a, -, -y transduction Th1 (23) and IL-4
Transcription factors
NFKB1 43 + 3.5 +31 Transfer factor Inhibit NF-xB Th2 (24)
NFKB2 Transcription factor 53 + 10.6 +195 Lymphoma ??
NFKBIL1 Transcription factor 54 + 12.5 +191 7 77

Mor and Cohen www.pnas.org/cgi/content/short/1215722110
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Table S2. Cont.
% decrease by % increase by
Gene Full name cefuroxime* ampicillin Function® Th1/Th2*
NFKBIE Inhibits NF-xB 63 + 11 +132
SRF Serum response factor 38+ 19 +58 Transfer factor ??
‘ EGR3 Early growth response3 38 + 2.8 -25 Transfer factor Mitogenic activation
T} induced in T cells,
‘ FAS-L exp (25)
" JUN 49 +2.2 +65 Interacts with c-Fos Th2 (26)
to form a dimer
’:.‘ RFXAP Regulatory factor 27 £ 12 +131 MHCII expression ”
X-associated protein
CREB1 cAMP-responsive 19+ 49 +101 Transfer factor 7
element binding
protein 1
YY1 Yin Yang 1 23 + 9.1 +152 Transfer factor Th2 (27) activates IL-4
REL Transcription factor 45 + 1.9 +132 Th1 IL-12 (28)
TRAF6 TNF receptor-associated 43 + 3.5 +39A low expression NF-kB and JNK activate  Limit Th2 (29)
factor 6
TRAF5 43 + 2.2 +47A low expression Limit Th2 (30)
STATI1 32+ 11 +85 Reg T Th1 (31)
CREBBP Acetylates nuclear 40 +9.9 +49
protein
RFX5 MHCII express 36 +4.2 +137
STAT4 Transcription factor 47 +9.3 +11 Th1 (32)
Th2
SP3 Transcription factor 39 +9.9 +47 IL-10 control
STAT6 Transcription factor 47 +7.9 No change Th2 IL4 (33)
GFI1 Growth factor 45 + 14 +10 Transfer factor Th2 (34)
independent 1
Others
CD40LG CD40 ligand 33+741 +67 Surface B-cell interaction Required for EAU (35)
Diabetes (36)
RANBP5 Importin beta3 33 +35 +108 Nuclear protein transport ??
ACTB Actin beta 49 + 11 +196
HRAS Oncogene 30 +9.8 —12A low expression 2?
‘ PIN1 Isomerase 45 + 121 +105 ?
.nI‘ *Percent decrease + SD in cefuroxime-treated human CD4 T cells relative to control.
=" TCellular function of gene as found in databases.

*B
(e

17.

19.
20.
21.
22.
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