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An Internal ly  Controlled Virion PCR for the 
Measurement  of HIV-1 RNA in Plasma 

V. Natarajan, R.J. Plishka, E.W. Scott, H.C. Lane, 1 and N.P. Salzman 

Laboratory of Molecular Retrovirology, Deptar tment  of Microbiology, Georgetown University, Washington,  D.C. 20007; 
1National Institute of Allergy and Infectious Diseases, Bethesda, Maryland 20892 

We have developed an assay to mea- 
sure the HIV-1 RNA in patients' 
plasma or sera using an infectious 
mutant  virus as an internal control. 
The mutant  virus VX-46 has a 2$-bp 
insert in a conserved region between 
the primer-binding and major splice 
donor sites. To utilize this virus as an 
internal control, different dilutions 
of this virus were added to aliquots of 
plasma sample to be measured, RNA 
was isolated and reverse-transcribed 
to cDNA. PCR was performed with 
primers selected to include the se- 
quences on either side of the insert 
contained in the externally added vi- 
rus. The DNA product from the con- 
trol virus is 25 bp longer than that  
from the virus present in plasma. The 
amount of viral RNA present in a 
plasma sample is calculated after the 
PCR-amplifled products are sepa- 
rated by gel electrophoresis. Unlike 
other quantitative PCR assays, this 
internally controlled virion PCR 
(ICVPCR) assay eliminates errors in- 
troduced by variable recovery during 
the RNA purification step, therefore, 
enhancing the accuracy of the assay. 

Q u a n t i t a t i v e  PCR has been used to 
measure the relative levels of RNA and 
DNA from a variety of different samples. 
Under ideal condit ions a direct correla- 
t ion can be found between the a moun t  
of starting target material and the 
a m o u n t  of PCR product. (1-3) However, 
this is often not  the case for clinical sam- 
ples owing to the presence of inhibitors  
of PCR in samples and differing efficien- 
cies in sample recovery and kinetics of 
PCR34-7) Small variations in amplifica- 
t ion efficiency can change the yield of 
the product  and make it difficult to ac- 
curately estimate the amoun t  present in 
the starting material38) To avoid these 
problems, several laboratories have de- 
scribed the use of internal standards in 
PCR. (8-~4) Generally, the internal  stan- 
dard DNA or RNA share the same primers 
as the target DNA or RNA but will con- 
tain either a deletion or an insert ion so 
that  the products obtained from the 
standard and targe, can be distin- 
guished. 

A variat ion in the use of an internal  
control  is the competit ive PCR proce- 
dure. <8~ In this me thod  varying known 
amounts  of the internal  standards are 
added to equal aliquots of the sample 
conta in ing  the u n k n o w n  target se- 
quence. The internal standard and the 
target sequence compete equally for 
primer b inding  and amplif icat ion in the 
PCR. Variables such as the efficiency of 
amplif icat ion and the number  of cycles 
will have the same effect on both  tem- 
plates. Equal amounts  of products will 
be formed when the initial concentra- 
tions of the templates are equal. Experi- 
mentally,  the ratio of products formed 
can be determined and the equivalence 
poin t  can be calculated. This method  has 
been successfully employed to quantify 
the amoun t  of HIV-1 RNAs in clinical 

samples. (ls'16) However, this m e t h o d  
does not  control  the variat ions in RNA 
recovery from sample to sample. Here, 
we report a modif ied me thod  in which  
an infectious HIV-1 mu tan t  virus was 
used as the source of compet i tor  RNA. 
Different amounts  of the mu tan t  virus 
were added to equal aliquots of the sam- 
ple conta in ing  an u n k n o w n  a m o u n t  of 
virus and RNA extraction and reverse 
transcriptase PCR (RT-PCR) were carried 
out in a manne r  that  allowed for rela- 
tively precise quant i ta ion  of the a m o u n t  
of viral RNA present in the sample. 

MATERIALS AND METHODS 
Cells 

Cells (293) were obta ined from ATCC 
and main ta ined  in MEM med ium con- 
ta ining 10% fetal calf serum. MT-2 cells 
were obtained from Dr. D. Richman 
through the National  Insti tute of Allergy 
and Infectious Diseases (NIAID) AIDS re- 
search program and were ma in ta ined  in 
RPMI 1640 med ium con ta in ing  10% fe- 
tal calf serum. (17) 

Generation of Mutant  HIV-1 Virus 

A well-conserved region between the 
pr imer-binding and gag in i t ia t ion  sites 
of HIV-1 was chosen for insertion318) 
The plasmid pNL4.3, an infectious mo- 
lecular clone of HIV-1 obta ined from Dr. 
M. Martin, was used as the starting ma- 
terial. (10) A mutan t  (VX-46) with the in- 
sert 5 '-AGACATCTAGACGCGTCTAGAC- 
GCG-3' at nucleot ide posi t ion 715 of 
pNL4.3 was generated using standard 
procedures as described in Sambrook et 
al. (2~ The HIV-1 nucleot ide number ing  
system used is according to HIVNL4.3 
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(GenBank accession number  M19921). 
The VX-46 DNA was transfected into 293 
cells by the calcium phosphate  precipi- 
tation method.  (2~ Forty-eight hours af- 
ter transfection, the culture fluid was 
taken and used to infect MT-2 cells. The 
mutan t  virus grew with similar kinetics 
as that  of wild-type virus (V. Natarajan, 
unpubl.), and the cell-free virus was har- 
vested, aliquoted, and stored at -70~ 
Each aliquot was used once in internal ly  
controlled vir ion PCR (ICVPCR) experi- 
ments. The a m o u n t  of virus in the cul- 
ture supernatant  was estimated by p24 
antigen ELISA assay using Coulter Corp. 
(Hialeah, FL) reagents fol lowing the 
manufacturer 's  r ecommended  protocol.  

PCR Primers 

The ICVPCR primers described in Table 1 
were synthesized with an Applied Biosys- 
terns Inc. DNA synthesizer (Foster City, 
CA). 

RNA Isolation and cDNA Synthesis 

After informed consent  was obtained,  
whole-blood samples were collected 
from HIV-1 seropositive patients in the 
presence of acid citrate dextrose as an an- 
ticoagulant. The plasma was separated 
by centrifugation and stored at -70~  
until  use. Aliquots (100 i~l) of serial dilu- 
tions of the mu tan t  virus VX-46 were 
added to 100 ill of patient 's  plasma, and 
RNA was extracted with 4.0 M guanid ium 
thiocyanate and pheno l  in the presence 
of 180 mM sodium acetate as described 
earlier. (zl) The RNA was precipitated by 
addit ion of an equal vo lume of isopro- 
panol and 10 p.g of carrier tRNA (Sigma 
Chemical Co.). 

RNA was recovered by centrifugation,  
washed with cold 70% ethanol ,  dis- 
solved in 8.0 ~l of DNase buffer contain-  
ing 50 mM Tris (pH 8.0), 5 mM MgClz, 
and 10 units of RNase-free DNase (Boe- 
hringer Mannhe im  Biochemicals), and 
incubated at 25~ for 30 min.  The DNase 
was inactivated at 80~ for 10 rain, and 
the RNA was used for cDNA synthesis us- 
ing a cDNA cycle kit obtained from In- 
vitrogen Corporat ion (San Diego, CA). 
Briefly, 2 p.1 of 100 mM methyl  mercuric 
hydroxide was added to 8 ~l of RNA, and 
after 5 min  of incubat ion  at room tem- 
perature, 2.5 ~l of 0.7 M 13-mercaptoeth- 
anol was added and the reaction was 
kept on ice. To this was added 4.0 ~l of 
5• RT buffer (0.5 M Tris at pH 8.3, 0.2 M 

TABLE 1 Oligonucleotide Deoxyribonucleot ide Primer Sequences Used in PCR 

Primer Sequence Position in HIVNL4.3 

ICVPCR-9 5'-T C C CT GCT T GC C CA T ACT A -3' 890-908 (complementary) 
I CVPCR- 16 S '-A T CT CT C GA C GCA GGA CT -3' 681-698 
ICVPCR- 17 5'-GCT CT C GCA C C CA T CT CT -3' 786-803 (complementary) 
ICVPCR- 18 5 '-A CT A GC GGA GGCT A GA A GGA-3' 765- 784 

KCI, 50 mM MgC12), 1.0 ~l of RNase in- 
hibitor,  1.0 ~l of 25 mM of the dNTPs, 1.0 
~l of pr imer ICVPCR-9 (40 pmoles), and 
0.5 ~l of AMV reverse transcriptase (5 
units), and it was incubated at 42~ for 1 
hr. The reaction was then  heated to 95~ 
for 3 rain and cooled on ice for 2 min,  
five more units of reverse transcriptase 
were added, and the incubat ion  was con- 
t inued for another  hour  at 42~ Finally, 
the reaction was heated to 95~ for 3 
rain, and the cDNA was either used in 
the PCR or stored at -20~ 

PCR 

Five microliters of cDNA was used in a 
reaction conta ining 10 mM Tris-HC1 at 
pH 8.3, 50 mM KCI, 1.5 mM MgC12, 
0.001% gelatin, 0.2 mM dNTPs, 25 
pmoles of primers ICVPCR-16 and 
ICVPCR-17, and 2.5 units of Taq DNA 
polymerase (Perkin-Elmer Cetus) in a fi- 
nal vo lume of 50 ~l. The samples were 
amplified in a Perkin-Elmer Cetus ther- 
mocycler  (9600) with the following PCR 
cycle program: one cycle at 94~ for 60 
sec, 55~ for 10 sec, and 72~ for 30 sec; 
30 cycles at 94~ for 15 sec, 55~ for 30 
sec, 72~ for 60 sec, and a final incuba- 
t ion at 72~ for 10 min.  The samples 
were then  stored at 4~ unti l  analysis. 
The compet i tor  plasmid (pAl) DNA used 
to estimate the amoun t  of cDNA from 
VX-46 virus contained pNL4.3 nucle- 
otide sequences from 501 to 1448. 

Analysis of the PCR Product 

Fifteen microliters of PCR product  was 
hybridized with 5'-32p-labeled ol igonu- 
cleotide ICVPCR-18, separated in a 10% 
polyacrylamide gel, and autoradio- 
graphed as described earlier. (zz) The 
a moun t  of radioactivity present in each 
band was quant i ta ted using ei ther  the 
Molecular Dynamics Phosphor lmager  
(Sunnyvale, CA) or Fuji Medical Systems 
BAS1000 (Stamford, CT) by exposing the 
gel to a storage Phosphor  screen as de- 
scribed by Johns ton  et al. (z3) 

RESULTS AND DISCUSSION 
Estimation of RNA Present in a 
VX-46 Virus Preparation 

RNA was isolated from aliquots of VX-46 
virus conta in ing  100 pg, 25 pg, or 500 fg 
of p24 antigen, and cDNA was synthe- 
sized using standard condit ions.  To es- 
tablish and standardize the assay, cDNA 
from VX-46 virus was PCR-amplified in 
the presence of different amounts  of 
plasmid DNA (pAl) con ta in ing  pNL4.3 
nucleot ide sequences from 501 to 1448. 
As shown in Figure 1, the primers se- 
lected gave the predicted 123- and 148- 
bp DNA PCR products from the wild- 
type and mutan t  viral sequences, 
respectively. In some experiments addi- 
t ional  m i no r  bands were seen. Most 
likely these are heteroduplexes formed 
between the two expected bands. Also, 

FIGURE 1 Use of cDNA synthesized from mutant virus (VX-46) RNA as competitor in PCR. RNA 
isolated from the mutant virus containing 100 pg of p24 antigen was used to synthesize cDNA in 
a 60-~1 reaction. Two microliters of the cDNA was used in the PCR containing various amounts 
of competitor wild-type DNA (pAl) containing HIVNL4.3 sequences from 501 to 1448. The PCR 
was carried out, and the products were hybridized with a 32P-labeled probe and autoradiographed 
as described in Materials and Methods. The competitor DNAs present in the reactions were 106 
(lane 1); 5• 10 s (lane 2); 10 s (lane 3); 5• 104 (lane 4); 104 (lane 5); 103 (lane 6); 102 (lane 7); and 
0 (lane 8) copies. The sizes shown (right) were the PCR products in base pairs from mutant and 
wild-type sequences, respectively. 
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FIGURE 2 Estimation of the RNA isolated from the mutant virus VX-46. The amount of radioactivity present in bands corresponding to wild-type 
and mutant PCR products was estimated by exposing it to a storage Phosphor screen and quantitated using a Molecular Dynamics Phosphorlm- 
ager. (23) The ratio between the amount of radioactivity present in wild-type (pAl) and mutant (VX-46) DNA bands was plotted against the amount 
of wild-type DNA used in the PCR. The mutant viral RNA was isolated from virus containing 100 pg (A), 25 pg (B), and 500 fg (C) of p24 antigen, 
respectively. The data derived from Fig. 1 are shown in A. The RNA isolated from virus containing 25 pg (B) and 500 fg (C) of p24 was used to 
synthesize cDNA in a 40-pJ reaction, and 3 I~l of cDNA was used in competitive PCR. Based on the method described by Menzo et al., (16) we calculate 
that 2 i~l of cDNA in A has 9500, 3 I~l of cDNA in B has 5200, and 3 t~l of cDNA in C has 120 copies, respectively. 

the  u n u s e d  excess p r imer  f rom the cDNA 
synthesis  step can part icipate in the  PCR 
react ion and  genera te  a longer  p roduc t  
(seen in Figs. 3 and 4, below).  These 
bands do no t  interfere wi th  accurate 
quan t i t a t ion  because the  quan t i t a t i on  by 
this m e t h o d  is based on  relative levels of 
bands f rom target and  compe t i t i ve  tem-  
plates and no t  on  the  absolute  
amounts .  (24~ The a m o u n t s  of radioactiv- 
ity in the  specific bands  were d e t e r m i n e d  
as descr ibed in Materials and  m e t h o d s .  
The ratios be tween  the  a m o u n t s  of  ra- 
dioactivity present  in wi ld- type and  mu-  
tant  DNA bands  were p lo t ted  as de- 
scribed earlier. (is) On  the  basis of these  
data (Fig. 2), we calculated tha t  285,000, 
69,300, and  1600 copies of RNA were iso- 
lated f rom virus c o n t a i n i n g  100 pg, 25 
pg, and  500 fg of p24 ant igen,  respec- 
tively. 

Based on  the  mass of an HIV-1 parti- 
cle, a virus p repara t ion  wi th  100 pg of 
p24 w o u l d  be calculated to con ta in  1 
mi l l ion  HIV particles, (2s'26) or 2 mi l l i on  
copies of  RNA. Thus, the  copy n u m b e r s  
d e t e r m i n e d  in  our  e x p e r i m e n t  represent  
- 1 5 %  of the  theore t ica l  value.  This re- 
flects loss of RNA dur ing  extract ion and  
lower t h a n  the  theore t ica l  yields in the  
prepara t ion of  cDNA. However,  the  
quan t i t a t ion  by compet i t ive  PCR relies 
on  the  relative levels of wild- type and  
m u t a n t  templates ,  ra ther  t h a n  the  abso- 
lute amoun t .  Therefore,  once  the  deter-  

m i n a t i o n  of the  a m o u n t  of  RNA in a mu-  
tant  virus prepara t ion  is made ,  the  
recovery of RNA in each ICVPCR experi- 
m e n t  does no t  affect the  o u t c o m e  of the  
results. 

ICVPCR to D e t e r m i n e  the  Level o f  
HIV-1 RNA in Plasma 

Using this s tandard ized  VX-46 virus as 
the  c o m p e t i t o r  du r ing  the  RNA isolat ion,  

FIGURE 3 ICVPCR for the estimation of HIV-1 RNA in patient's plasma. To 100 ~1 aliquots of 
patient's plasma, different dilutions of mutant virus (VX-46) containing 0 (lane 1), 30 (lane 2), 3 
(lane 3), 0.3 (lane 4), and 0.03 (lane 5) pg of p24 antigen were added. RNA isolation, cDNA 
synthesis, and PCR were carried out as described in Materials and Methods. The size of DNA 
products from mutant (148) and wild type (123) are shown (right). (A, B) Plasma from two 
different patients. (C) Estimation of HIV-1 RNA in patient's plasma. The radioactivity present in 
each band was quantitated using a Molecular Dynamics PhosphorImager. The ratio between the 
radioactivity present in mutant and patient DNA bands was plotted against the amount of 
mutant viral RNA added to the patient's plasma during RNA isolation. The mutant viral RNA copy 
numbers were calculated using the average value (2900 copies of RNA per picogram of p24 
antigen) obtained with the data shown in Fig. 2. Patient 1 (A) has 8800 copies; patient 2 (�9 has 
1600 copies of RNA in 100 t~l of plasma. 
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FIGURE 4 Reproducibility of ICVPCR. (A) To 100 ~tl aliquots of patient's plasma, different dilutions of mutant virus (VX-46) containing 0 (lane I), 
24 (lanes 2,6), 2.4 (lanes 3,7), 0.24 (lanes 4,8), and 0.024 (lane 5,9) pg of p24 antigen were added. RNA isolation, cDNA synthesis, PCR, and gel 
analysis for lanes 1-5 and 6-9 were carried out by two separate experiments on different days. The sizes of DNA products from mutant (148) and 
wild type (123) are shown on the right. (B) The radioactivity present in each band was quantitated and plotted as described in Materials and Methods. 
The data for/~ were from lanes 2-5; that for C) were from lanes 6-9. 

the a m o u n t  of HIV-1 viral RNA in a pa- 
t ient ' s  p lasma was es t imated.  The results 
ob ta ined  wi th  two di f ferent  p lasma sam- 
ples are shown  in Figure 3. The a m o u n t  
of radioact ivi ty  present  in  each b a n d  was 
est imated,  and  the  ratio be tween  the  
a m o u n t  of radioact ivi ty  present  in  the  
m u t a n t  and  wild- type (patient)  DNA 
bands  was p lo t ted  against  the  i npu t  mu- 
tan t  viral RNA. Using this  t echn ique ,  the  
amoun t s  of viral RNA present  in  the  sam- 
ples were de t e rmined  to be 88,000 and  
16,000 copies of RNAs per mil l i l i ter  of 
p lasma f rom pat ients  1 and  2, respec- 
t ively (Fig. 3C). 

The reproducib i l i ty  of  the  ICVPCR 
m e t h o d  was t h e n  assessed. The a m o u n t  
of viral RNA in a p lasma  sample  was es- 
t imated  by pe r fo rming  the  ent i re  assay 
on  two different  days. The a m o u n t  of 
RNA by these two est imates  were 60,000 
and  68,000 copies per  mil l i l i ter  of  
plasma (Fig. 4), d e m o n s t r a t i n g  tha t  the  
ICVPCR m e t h o d  is rel iably reproducible .  

Compet i t ive  RNA PCR has been  used 
successfully for the  e s t ima t ion  of the  lev- 
els of HIV-1 viral RNA present  in  pa t i en t  
samples. (27'28) In this procedure ,  the  ra- 
tio of the  ampl i f ied  products  is affected 
equal ly by  the  factors t ha t  i n f luence  the  
PCR. However, it lacks a con t ro l  for the  
RNA pur i f ica t ion  step. It has been  esti- 
mated  that,  on  average, 36% of the  RNA 
sample can be lost as a result  of the  ex- 

t rac t ion  procedures  used. (28) To accoun t  
for the  variable loss of RNA w h e n  gene 
expression is s tudied us ing RNA ex- 
tracted f rom cells, the RNA expressed by 
the gene unde r  s tudy is of ten  compared  
wi th  a n o t h e r  RNA species tha t  is consti-  

(29 30) tu t ive lyexpressed .  ' However,  such a 
cont ro l  RNA is no t  available in plasma. 
By adop t ing  the  modi f i ed  m e t h o d  de- 
scribed in this report,  the  m u t a n t  v i r ion  
RNA can serve bo th  as a con t ro l  for the  
RNA ext rac t ion  procedure  and  as a com- 
peti t ive RNA templa te  in the PCR. 
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